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Abstract: An extensive climatological and synoptic analysis of the winter cold spells that occurred in
the Balkan Peninsula over a 59-year study period (1961-2019) is the aim of the present study. Winter
cold spells (WCSPs hereafter) are defined as periods of at least three consecutive days when the
daily minimum temperature is below the 5% of the empirical winter distributions. This diagnostic
index is used to detect the occurrence of cold events during the study period, while the duration,
frequency, and intensity of these extreme climate events are further analyzed. Moreover, in order to
investigate the relation of the WCSPs with the atmospheric circulation, two daily circulation type
calendars, derived from an advanced automatic flexible classification, were utilized. The automatic
daily circulation type calendars were used, aiming at identifying the atmospheric conditions that
prevail before or during WCSPs. The climatological analysis showed that the spatial distribution of
the extreme minimum temperatures in the Balkan Peninsula presents a positive gradient from north
to south, whereas coastal areas present more moderate minimum temperatures than inland areas
of the region. In terms of WCSPs, the winter of 1962-1963 was the one with the longest WCSPs, for
most of the stations under study. In general, a decreasing trend in the frequency of WCSP occurrence
has been found towards the end of the study period. The circulation type investigation revealed that,
during WCSPs in the Balkan region, the associated circulation at the 500 hPa is the Cne (cyclonic
northeastern) and at the 1000 hPa is the Anw (anticyclonic northwest).

Keywords: cold spells; extreme minimum temperatures; circulation types; climatological analysis;
synoptic analysis; Balkan Peninsula

1. Introduction

In an ever-changing climate, understanding the natural processes that affect the
occurrence of extreme temperature periods can be substantial, since these events can have
serious effects, with a high impact for both society and natural environment [1,2]. In
particular, winter extreme events can be related to cold spells or cold waves in some regions.
A cold spell (CSP) is generally defined as a meteorological phenomenon with consecutive
days of extremely low temperatures (NOAA). During the cold season of the year, the
cold winter spells (WCSPs) are associated with severe weather events, such as snowfall
and freezing temperatures. Difficulties in public health services, mortality of people and
animals, natural disasters, and other socioeconomic impacts (transport, energy, agriculture,
etc.) are some of the consequences of cold spells [3-7]. Therefore, the study of cold spell
variability is of great importance. Moreover, the IPCC [8] reports that there are relatively
few studies available that investigated the changes in the characteristics of CSPs.

In the second half of the 20th century, the northern hemisphere has been warmer
than any other 50-year period in the last 500 years, with the highest warming observed
in winter and spring [9]. Although the global warming shows a geographical diversity,
studies have shown a generally negative trend in extreme cold temperatures and a positive
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trend in the warm ones, and [10-13] studied extreme temperatures in Europe and China,
showing that the days with extreme cold temperatures decreased at a rate of at least 7% per
century, while the days with warm extreme temperatures increased at a rate larger than
10%/century. Studies have shown that extreme events, such as cold spells, have declined
significantly in recent decades [14,15] and are expected to be less severe in the future. This
is attributed to global warming, due to the enhancement of the greenhouse effect [8]. In
contrast, some studies show that, even though cold spells will be less frequent in the future,
they remain equally intense [4,16]. According to previous studies, this is due to the fact
that, although climate change is directly linked to more frequent and stronger extreme
climate events, they will not necessarily lead into serious impacts [8], since the systems
may be naturally resilient [17,18].

Southeastern Europe and, in particular, the Balkan Peninsula often experiences partic-
ularly low temperatures during winter [6]. According to Frich et al. [19], a global decrease
in the occurrence of frost days (Tin < 0 °C) is observed during the second half of the 20th
century. Conversely, several studies showed that the days with Tpj, < 0 °C in the Balkan’s
peninsula presented significant positive trends from 1950 to 2000 [19,20]. Kostopoulou and
Jones [20] estimated the annual and seasonal maximum number of cold days in the Eastern
Mediterranean, indicating a decrease in the cold winter days by 4-6 days per decade in the
western Balkan Peninsula, towards the end of the 20th century.

In the mid-latitudes, atmospheric circulation constitutes one of the determining factors
of climate variability and most of the near-surface meteorological variables, e.g., of extreme
temperatures [21,22]. Based on the literature, the occurrence of severe cold spells in
Europe are mainly associated with persistent and repetitive circulations patterns that affect
an area for extended periods of time, causing positive or negative anomalies in surface
climate conditions [5,23]. Studies have shown an increase in the persistence of atmospheric
circulation types over Europe since the mid-1980s [24]. As a result, many attempts have
been made worldwide to investigate the relationship between atmospheric circulation
and the occurrence of cold extreme events [5,7,21]. Previous research has shown that
the circulation types that favor the cold spells are usually those with east and /or north
flows, while both the anticyclonic and cyclonic types may prevail before the onset of a cold
spell [7].

In the region of Europe, the processes driving extreme temperatures differ for summer
(local processes) and winter (advection of cold air) [25]. During the winter, the climate is
occasionally driven by the large-scale atmospheric circulation changes, resulting in colder
conditions with northern flow from Scandinavia or northeasterly flow from Siberia [6].
These quasi-stationary larger scale circulation patterns are often referred to as “weather
regimes” and can persist a few days or even a few weeks [26]. In addition, other studies
have shown that extremely low temperatures are associated with atmospheric blocking
over the Atlantic or Europe [27,28] or with cold air outbreaks (a displacement of polar or
arctic air) over the northern [29] or southern hemispheres [30].

In this work, winter cold spells (WCSPs) in 25 Balkan stations were detected and
studied for a period of 59 years (1961-2019). The main goal of this work is to study the
spatio-temporal variability of WCSPs and to determine the types of atmospheric circulation
that may contribute to their occurrence. In conclusion, the effect of the various types of at-
mospheric circulation on the occurrence of WCSPs in the Balkan region will be investigated,
as well as whether there is a specific circulation type that is related to the above.

2. Data and Methodology
2.1. Study Area

Southeastern Europe comprises the spatial domain of interest in this work, focusing
on the Balkan Peninsula. Geographically, the Balkan Peninsula is bordered by the Adriatic
Sea in the northwest, the Mediterranean Sea (including the Ionian and Aegean seas) and
the Marmara Sea in the south, and the Black Sea in the east. In terms of climate, the coasts
(Adriatic and Aegean coasts) are characterized as Mediterranean, while a mild continental
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climate is found mainly in the inland parts of the domain. In the northern mountainous
part of peninsula, the winter is frosty and snowy, while in the southern part, the winter
is usually milder. Summer is quite hot in all Balkan countries and can reach up to +40 °C.
The selection of the stations was based on the availability of the ECAD database. The
station network utilized in this study consists of 25 Balkan meteorological stations (Figure 1,
Table 1): one (1) station from Bosnia and Herzegovina, one (1) station from Greece, eight (8)
stations from Croatia, eleven (11) stations from Romania, three (3) stations from Serbia, and
one (1) station from Slovenia.

Figure 1. The Location of Balkans in Europe and the meteorological stations in Balkans used in this
study.

2.2. Data

The World Meteorological Organization (WMO) has set the period of 30-years as the
minimum study period to determine the climate of each region. In the present study, a
long reference period of 59 years (1961-2019) (hereafter study period) was selected for the
climatological analysis. To conduct the research daily minimum temperature (Tpn), daily
maximum temperature (Tmax), and daily mean temperature (Tmean), datasets recorded
at 25 stations under study were collected and processed. Data were freely downloaded
from the European Climate Assessment and Database (ECAD, https://www.ecad.eu/,
accessed on 10 December 2021) project database and the Aristotle University of Thessaloniki
(AUTH).

2.3. Definition of Winter Cold Spells

The term cold spell is a widely used term in climatology, although there is no universal
definition applicable to all regions of the planet. This is because CSPs depend directly
on the characteristics of each geographical region, as well as the time of year. The World
Meteorological Organization (WMO) underlines that CSP is generally a period during
which temperatures are significantly lower than normal conditions. According to Tom-
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czyk et al. [31], in contemporary climatological studies, CSPs are defined as a continuous
sequence of several days, when air temperature is lower than a certain threshold value.
The percentile value is considered the most popular method of determining the thresholds
above or below which air temperature is considered extremely high or low [32,33]. These
temperature thresholds provide an objective temperature criterion for different geographic
regions and the time of year, too [34]. As for their minimum duration, in some studies
around the world, this was defined as the period of at least three 3 consecutive days [5,7,31],
and in others, the periods of 5 days [35], 6 days [36], and 11 days [37]. Their minimum
duration of CSPs is different, depending on the geographical regions and on the objective
of a given paper, too [31].

Table 1. The geographical characteristics of the stations used in the study.

Stations Country Longitude (°)  Latitude (°)  Altitude (m)

1 Bacau Romania 27.08 46.65 184
2 Belgrade Serbia 20.46 44.82 132
3 Botosani Romania 2.668 47.73 133
4 Bucuresti Romania 26.08 44.52 90

5 Buzau Romania 26.81 45.16 97

6 Cluj Napoca Romania 23.57 46.78 18

7 Craiova Romania 23.81 44.33 116
8 Deva Romania 2291 45.87 209
9 Drobeta Romania 22.63 44.63 410
10 Galati Romania 28.03 45.43 53

11 Gospic Croatia 15.37 44.55 564
12 Ljubljana Slovenia 14.52 46.07 299
13 Miercurea Romania 25.80 46.38 661
14 Nis Serbia 21.9 43.33 201
15 Novi Sad Serbia 19.85 43.33 84

16 Ogulin Croatia 15.27 45.2 326
17 Rijeka Croatia 14.45 45.33 120
18 Rosiori de Vede Romania 24.99 44.10 102
19 Sarajevo }]f;s’zr;z‘of]?:a 18.42 13.87 630
20 Split Croatia 16.43 43.52 122
21 Thessaloniki Greece 22.95 40.62 2

22 Varazdin Croatia 14.98 44.82 167
23 Zadar Croatia 15.21 44.13 5

24 Zagreb Croatia 15.98 45.82 156
25 Zavizan Croatia 14.98 44.82 1594

In the present study, the definitions were based on the percentages of empirical
temperature distributions for the cold period of the year. The cold period of the year was
considered as the 5-month period from November to March (NDJFM). WCSPs are defined
as periods of at least three (3) consecutive days where the daily minimum temperature
(Tmin) is below 5% (5th percentile) of the empirical cold period distributions (Tpinsen)-
The values of the percentile thresholds were determined from the observed Ty, series
in the climatological 59-year period (1961-2019). By using the definition of Plavcova and
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Kysely [7], it was considered that, while the first two (2) days of a WCSP should be cold
days (i.e., two consecutive cold days), all subsequent cold days constitute a WCSP, as long
as there is no break longer than one (1) day with Ty, below the threshold [7]. The next
WCSP must begin at least two (2) days after the end of the previous WCSP. According to
the authors of this study, this definition allows for a better distinction between the days
before a WCSP and the first day of that WCSP.

This section may be divided by subheadings. It should provide a concise and pre-
cise description of the experimental results, their interpretation, and the experimental
conclusions that can be drawn.

2.4. Characteristics of Winter Cold Spells
The main characteristics that define the cold spells, in general, are the following;:

Duration: the number of days between the beginning and the end of the WCSP.
Intensity: the average anomaly of the minimum temperature during the WCSP.
Frequency: the percentage of occurrence of WCSP during our long period.
Seriousness: a measure that incorporates the intensity and persistence (duration) of
the event, as well as their effects on both human society (public health, socio-economic
impact) and the natural environment.

L\

2.5. Characteristics of Atmospheric Circulation Types

To investigate the relation of WCSPs with the atmospheric circulation, two daily circu-
lation type calendars have been utilized. The circulation types have been derived from an
automatic classification scheme, flexible over the areas of interest [38]. The automatic classi-
fication provides 12 circulation types, 5 anticyclonic circulation types (Anw, Ane, A, Asw,
Ase), and 7 cyclonic circulation types (C, Cnnw, Cwnw, Cwsw, Cssw, Cse, Cne) (Figure A1).
Based on the above automatic classification, two daily circulation type calendars were used,
one for the area of Thessaloniki, which was located further south with a center of 25-37.5°
(Figure A2), and one for the other stations centered at 22.5-42.5°. The circulation types
that favor the WCSPs during the cold period for the reference period (1961-2019) were
calculated based on their frequency of occurrence during the WCSPs. Respectively, the
circulation types that favor the start of the WCSPs were calculated based on their frequency
of occurrence, one and two days (day-1, day-2), before the start of each WCSP.

3. Results
3.1. Climatology
3.1.1. Extreme Minimum Temperatures for the Study Period 1961-2019

In this section, temperature daily data were used for the analysis of the extreme
minimum temperatures of the 25 Balkan stations for the reference period. Figure 2 shows
the most extreme minimum temperatures values recorded at the stations during the cold
period of the year (NDJFM). Initially, it was observed that the northern stations have
recorded the lowest temperatures. Zavizan station (Croatia, 1594 m) recorded the most
extreme MinTpax, with a value of —20.8 °C. The most extreme MinT i, and MinTyean
were recorded at Miercurea (Romania, 661 m) station, with values —38.4 °C and —29.3 °C,
respectively. On the contrary, the least extreme minimum temperatures were recorded at
Zadar station, with MinTmax —3.4 °C and MinTmean —6.3 °C, and at Split station, with
MinTpin —9.0 °C. The spatial distribution of the extreme minimum temperatures in the
Balkan Peninsula shows a positive gradient from north to south and from the peninsula’s
center to its coastlines.

The extreme temperature values indicate the range in temperature in a region, but
they cannot give clear insight into the climate conditions that prevail during that time. This
is due to the fact that an extreme value may have resulted from a random meteorological
phenomenon and does not represent the predominant atmospheric conditions over this
area. For this reason, in this section, seventy-five diagrams were created (three for each
station), illustrating the extreme minimum temperatures (MinTmax, MinT i, MinTmean)
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recorded by each station per year (calendar year) for the cold period of the year in the
reference period 1961-2019.
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Figure 2. The most extreme minimum temperatures (MinTmax, MinTpjn, MinTmean) of the cold
period (NDJFM) for the years 1961-2019 for the 25 under study stations.

Generally, it was observed that, in the majority of the stations, the extreme minimum
temperatures were higher, resulting in less extreme meteorological phenomena that were
not so extreme. However, in order to analyze the linear trend of the most extreme minimum
temperatures per year (MinTmax, MinTpin, MinTmean), the nonparametric Mann-Kendall
test [39] was applied. The results showed that not all stations are characterized by a
statistically significant trend. Figure 3 presented the temporal analysis of the most extreme
minimum temperatures per year for the stations with a statistically significant trend, as
revealed by the Mann—Kendall test. Three of the twenty-five stations show a statistically
significant positive trend. These stations are: the Napoca, the Ljubljana, and the Zagreb
station. Yan et al. (2002) and Klein Tank and Kénnen [13,36] who analyzed the changes in
extreme temperatures over long time series in European stations had found similar results
and concluded that cold extremes have been decreasing and warm extremes have been
increasing during recent decades. These indications are due, in part, to climate change
causing less serious and persistent cold events, or even to a diminution of their occurrence.

More specifically, in the multi-annual course, the most extreme MinTp,,x was recorded
at the station of Zavizan (Croatia, 1594 m) in the year 2011-2012 (4 February 2012), with a
temperature value of —20.8 °C (not shown). On the other hand, the least extreme MinTmax
was recorded during the year of 2006-2007 at Split (Croatia, 122 m) (not shown), with a
temperature value of 8.1 °C. Regarding the most extreme MinT,;, and MinTpean, these
were recorded at the Miercurea station in the winter of 1984-1985 (14 January 1985), with
temperature values of —38.4 °C and —29.3 °C, respectively. The least extreme MinT,,;, was
recorded, as in the case of MinTpayx, in the year 20062007, but this time at Zadar station
(Croatia, 5 m) (2.2 °C). Respectively, in the same year, the least extreme MinTmean Was also
recorded at the Croatian stations (Split and Zadar), with 5.3 °C.
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Figure 3. Extreme minimum Tmean (MinTmean) (yellow color), extreme minimum Tmax (MinTmax)
(red color), and extreme minimum Tpyj, (MinTp,,) per year for the cold period (NDJFM) for the

years 1961-2019. The results for the stations with a statistically significant trend, as revealed by the
Mann-Kendall test: (a) Cluj Napoca (Romania) (up), (b) Ljubljana (Slovenia) (in the middle), and

(c) the Zagreb (Croatia) (down) station.
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3.1.2. Days of Partial and Total Frost

Additionally, the days with Ty, < 0 and the days with Tpax < 0 were calculated
for each station for the 59-year period. Table 2 shows the average number of days, with
Tmin < 0and Tmax < 0 per year for each station. In total, for all stations, the range of days
with Tpin < 0 per year varied from 7 to 135 days, while the days with Tmax < 0 varied from
0 to 63 days, respectively. In specific, the station with the lowest number of days with Ty,
< 0 was the station of Split (7 days), while the station with the highest number of days was
the station of Miercurea (135 days). Respectively, the stations without days with Trax <0
were mainly the stations of Split and Zadar, while the station with the highest number of
days was the station of Zavizan (63 days).

Table 2. The average number of days with Tpnj, < 0and Tmax < 0 per year. In blue, the highest value,
and in red, the lowest value.

Stations Country Days with Ty, <0 Days with Tmax < 0
Bacau Romania 94 22
Belgrade Serbia 59 16
Botosani Romania 120 36
Bucharest Romania 98 22
Buzau Romania 94 22
Cluj Napoca Romania 107 34
Craiova Romania 109 24
Deva Romania 95 21
Drobeta Romania 77 14
Galati Romania 107 27
Gospic Croatia 102 23
Ljubljana Slovenia 80 18
Miercurea Romania 135 21
Nis Serbia 75 15
Novi Sad Serbia 80 20
Ogulin Croatia 84 21
Rijeka Croatia 19 1
Rosiori de Vede Romania 94 27
Sarajevo Bosnia and Herzegovina 101 23
Split Croatia 7 0
Thessaloniki Greece 17 1
Varazdin Croatia 88 20
Zadar Croatia 11 0
Zagreb Croatia 55 14
Zavizan Croatia 126 63

3.2. Winter Cold Spells

WCSPs lasting at least three consecutive days were computed and analyzed in this
section. The threshold that would distinguish the days with extreme minimum temper-
atures from the rest was an important factor in determining the WCSPs. As mentioned
above, the fifth percentile was selected for this determination. The results found, as well
as some statistical characteristics of WCSPs, are presented in Table 3. The station with
the most extreme Tpins51, Was Miercurea (Tyinsy, = —22.5 °C), which indicates the very
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cold temperatures that prevail in this area during the cold period of the year. All the
other stations were characterized by higher Tyins values (—22.5 °C < Tiyinsm < 0.3 °C).
Consequently, having determined the Tp,;,54, Of each station, the WCSPs were detected.
The results show that the number of WCSPs during the reference period varied from 46
WCSPs at Ogulin to 66 WCSPs at Miercurea station. The mean duration of the WCSPs
ranged from 4.1 days (Varazdin) to 5.6 days (Belgrade). The longest WCSP lasted 24 days
and took place at the Belgrade station in 1962-1963. In the same year, the majority of the
stations recorded the longest WCSPs.

Table 3. The 5th percentile in the empirical winter minimum temperature distributions (Tinsm (°C)),
total number of WCSPs, the mean duration for the period 1961-2019, the duration and the year of the
longest WCSPs. In blue, the lowest values, and in red, the highest values.

Total Mea.n D:;iﬁ:n The Year
Stations Country Tl('éiés)th Nug}ber (:?L‘l,\r]achsol?s I;sggepst L(:)fntgii ¢
WCSPs (Days) (Days)s WCSPs
Bacau Romania —14.0 48 51 18 1962-1963
Belgrade Serbia —-7.2 53 5.6 24 1962-1963
Botosani Romania —14.4 53 4.6 14 1984-1985
Bucharest Romania —11.9 48 4.7 15 1962-1963
Buzau Romania —-11.2 48 5 16 1961-1962
Cluj Napoca Romania —139 54 52 17 1962-1963
Craiova Romania —-10.5 56 4.7 20 1962-1963
Deva Romania —11.8 42 5.5 14 1981-1982
Drobeta Romania —-8.9 56 5.1 20 1962-1963
Galati Romania —10.9 51 4.8 18 1962-1963
Gospic Croatia —13.3 49 45 12 1984-1985
Ljubljana Slovenia —8.8 56 52 23 1962-1963
Miercurea Romania 225 47 43 13 1962-1963
Nis Serbia -89 45 5.3 18 ;gﬁ_ég?g
Novi Sad Serbia —10.7 49 5.2 21 1962-1963
Ogulin Croatia —11.1 47 49 13 1962-1963
Rijeka Croatia —-22 54 49 15 2011-2012
Rosioride | pomania  -125 51 46 15 1962-1963
Vede
Sarajevo gosnia and 33 49 47 12 1984-1985
erzegovina
Split Croatia 0.3 57 49 13 2011-2012
Thessaloniki Greece —1.6 60 45 12 1962-1963
Varazdin Croatia —11 60 4.1 12 132;_}322
Zadar Croatia —-0.7 59 5.0 20 1962-1963
Zagreb Croatia —6.1 58 4.8 18 1963-1964
Zavizan Croatia —14.6 62 47 17 2011-2012
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Temporal Analysis of WCSPs

In the next step, diagrams (one for each meteorological station) were created to illus-
trate the number of detected WCSPs per year and the duration of the longest WCSPs per
year for the reference period. Six representative stations were selected: the capital of each
Balkan County and the station of Thessaloniki from Greece. Figure 4 shows the temporal
analysis of WCSPs for the six representative stations. Each bar represents the number of
WCSPs that took place in that year. Respectively, the numbers above the bars indicate
the number of days of the longest WCSP of the respective year. Additionally, statistically
significant decreasing trends, as they emerged from the non-parametric Mann-Kendall test,
are represented by downward triangles.
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Figure 4. On the y axis, the number of detected WCSPs per year from 1961-2019, and above each
bar, the duration of the longest WCSP for the respective year. Significant decreasing trends are
represented by downward triangles. With a dark blue triangle, the statistically significant negative
trend for the number of cold spells per year, and with a light blue triangle, the statistically significant
negative trend for the duration of cold spells.

The temporal analysis of WCSPs for the 59-period showed that the range of WCSPs
per year varies from 0 to 8 WCSPs/year. The station that presented eight WCSPs in one
year is the northwest station of Zagreb (Croatia, 156 m) (right panel), in the year 1996-
1997. As mentioned in the previous paragraph, the longest and most intense WCSP was
recorded in Belgrade (Serbia, 132 m) (left panel), with 24 days of extreme temperatures,
in the year 1962-1963. Figure 5 shows that this WCSP began on 12 January 1963 and
ended on 4 February 1963. During this WCSP, the Belgrade station recorded its most
extreme minimum temperatures, with the values illustrated in Figure 2: MinTmax —14.3 °C,
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MinTpin —21.0 °C, and MinTmean —17.3 °C. UnkasSevié¢ and Tosi¢ [35], in their own study
on the seasonal analysis of cold and heat waves in 15 meteorological stations of Serbia
during the period 1949-2012, showed that the longest cold waves were observed in 1956
(duration < 22 days) and in 1954 (duration > 220 days), while the most severe cold waves
were registered in 1956.

Belgrade (Serbia)
15

November December January February March

10

5

g 0
£

E 5
=
2

g -10

15 Start of the|WCSP End of the WCSP
-20
-25

1 10 20 30 10 20 30 10 20 30 10 20 28 10 20 30
Days 1962-1963

Figure 5. The longest WCSP. It took place in Belgrade (Serbia), in the period 12 January 19634
February 1963. The vertical axis shows the DailyT,;, in °C and the horizontal axis the days.

Generally, there was a decreasing number of cold spells and their duration in most
stations (Figure 4), as can be expected from the ongoing warming of the climate. However,
the non-parametric Mann—-Kendall test was applied to both the characteristics of cold spells
and the results shown: (1) a statistically significant negative trend in the number of cold
spells per year at the stations: Ljubljana, Split, Zadar, Zagreb, and Zavizan, and (2) a
statistically significant negative trend in the duration of cold spells at the stations: Cluj
Napoca, Ljubljana, and Varazdin. Malinovic-Milicevic et al. [40], in their study on changes
in climate extreme indices in Serbia from 1961 to 2010, showed that the time periods of
extremely hot weather lasted longer, while the periods of extremely cold weather decreased.

On the other hand, the Bucharest station (Figure 4) has an increasing number of cold
spells, but without being statistically significant. However, the increase of temperature
in the region of Romania during the winter was most evident in the western Romanian
Carpathian Mountains and in northeastern Romania during the period 1961-2000 [41],
1961-2003 [42], and 1961-2010 [43]. A more recent study of 150 meteorological stations in
Romania showed that the duration of cold spells (CSDI) significantly decreased, but only
over limited areas in the central part of Romania [44].

3.3. Atmospheric Circulation Characteristics: The Prevailing Circulation Type
The Prevailing Circulation Types during and before the WCSPs

The relationship between WCSPs and the atmospheric circulation types was investi-
gated using two circulation type calendars derived from an automatic flexible classification,
according to Anagnostopoulou et al., 2009 [38] (an example of the location of centers in
Figure A2). The percentage of days (%) of occurrence of the circulation types per station
during the WCSPs at 500 hPa and 1000 hPa are presented in Table 4.
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Table 4. The percentage of days (%) of occurrence of the circulation types per station during and
before (day-1, day-2) the start of WCSPs at both of geopotential heights (500 hPa, 1000 hPa). The
highest percentage of circulation type per station is shown in red color.

During During

Day-1 Day-1 Day-2 Day-2
;Xglslgz 1‘(/)\;%?3; 500 hPa 1000 hPa 500 hPa 1000 hPa
Station Country Cse Cne Anw Ane Cse Cne Anw Cse Cse Cne Cse Cne
Bacau Romania 23.9 26.3 12.1 17.8 35.4 27.1 12.5 27.1 25.0 33.3 20.8 16.7
Belgrade Serbia 237 278 193 105 264 358 151 151 189 358 226 208
Botosani Romania 224 207 106 203 189 283 113 321 226 340 170 113
Bucharest Romania 274 257 133 142 28.0 220 180 260 24.0 26.0 26.0 10.0
Buzau Romania 268 277 149 128 375 167 167 271 333 229 333 8.3
Cluj Napoca Romania 295 240 138 169 21.8 255 200 200 273 345 236 164
Craiova Romania 268 225 136 186 379 172 190 259 20.7 293 259 34
Deva Romania 265 270 135 135 262 214 167 286 119 452 214 167
Drobeta Romania 240 226 166 173 339 214 196 250 196 304 250 5.4
Galati Romania 27.4 25.8 17.1 18.7 26.9 30.8 19.2 23.1 23.1 30.8 15.4 9.6
Gospic Croatia 174 256 142 7.8 163 184 204 184 184 265 122 184
Ljubljana Slovenia 189 234 192 6.9 250 286 196 161 25.0 304 19.6 125
Miercurea Romania 226 161 151 236 182 273 273 114 318 227 114 136
Nis Serbia 21.7 254 192 8.8 244 267 200 178 31.1 244 156 111
Novi Sad Serbia 180 261 164 134 143 265 204 122 143 388 102 184
Ogulin Croatia 157 276 184 5.5 149 319 128 170 234 319 170 128
Rijeka Croatia 23.6 232 221 6.8 222 407 111 278 278 352 278 185
Rosiori de Vede Romania 275 215 159 150 333 235 176 314 196 333 294 3.9
Sarajevo Pll?’osma and 179 245 149 83 122 143 102 184 163 122 204 143
erzegovina
Split Croatia 209 234 209 5.3 193 386 105 193 193 316 21.1 246
Thessaloniki Greece 379 182 20.7 7.1 200 333 200 233 21.7 517 117 217
Varazdin Croatia 198 265 179 9.3 23.0 180 164 180 197 230 295 115
Zadar Croatia 253 219 226 77 21.7 367 117 183 267 283 250 183
Zagreb Croatia 146 272 139 117 224 276 138 224 241 310 190 172
Zavizan Croatia 19.7 221 186 7.1 21.0 323 8.1 258 274 290 21.0 145

Circulation types that favor the WCSPs were detected based on the frequency of a
given type before (day-1, day-2) or during the WCSPs at both of the geopotential heights
(500 hPa, 1000 hPa). Table 4 summarizes the frequencies of the circulation types only for
the most prevalent circulation types. Additionally, Table 5 summarizes the percentage of
stations with the most prevalent circulation types. The results showed four circulation
types that seem to predominantly cause the WCSPs of the Balkans (Table 4). During the
WCSPs at 500 hPa, it is obvious that WCSPs are associated with the predominance of two
cyclonic circulation types. A total of 56% of stations attribute the WCSPs to Cne type,
while 44% of stations attribute the WCSPs to Cse type. These two types recorded high
percentages of days (%) of occurrence, such as the Cse type at the Cluj Napoca station with
a rate of 29.5%. (Table 4). The other 10 circulation types recorded a percentage of days
less than 11.4% at 500 hPa. In contrast to 500 hPa at 1000 hPa, the WCSPs were associated
with the predominance of two anticyclonic circulation types and less with a cyclonic type.
Moreover, 48% of stations were attributed the WCSPs types to the Anw type, while 32% of
stations were attributed to the Ane type, and the remaining percentage corresponded to
the Cse type. Regarding the circulation types that prevailed 1 and 2 days before the start of
WCSPs and seemed to favor their appearance, the results show that, at 500 hPa for day-1
and day-2 in 68% and in 76% of the stations, respectively, the type that prevailed is the Cne
type, while the second most prevalent was the Cse type. In fact, the percentage of days of
occurrence of this type was quite high, reaching 40.7%, as seen in the case of day-1 at Rijeka
station. Respectively, at 1000 hPa, day-1 and day-2, before the start of WCSP in 64% of the
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stations (day-1) and in 68% of the stations (day-2), the cyclonic southeastern type (Cse) had
the highest incidence.

Table 5. The percentage of stations with the most prevalent circulation types during and before the
start (day-1 and day-2) of WCSPs at 500 hPa and 1000 hPa.

500 hPa 1000 hPa
During WCSPs During WCSPs During WCSPs During WCSPs
56% of the stations — Cne 44% of the stations — Cse 48% of the stations — Anw 32% of the stations — Ane
day—1 day—2 day—1 day—2

68% of the stations — Cne

76% of the stations — Cne 64% of the stations — Cse 68% of the stations — Cse

Additionally, for the types that seem to cause the WCSPs in the Balkans, their frequency
was studied during the period under study. The results from the non-parametric Mann-—
Kendall test showed that at 500 hPa the Cse and Cne types most associated with WCSPs
show a statistically significant negative trend. This could partly explain the decrease in
the number of WCSPs over time, as discussed in the previous paragraph. However, at
1000 hPa, the Anw type showed a statistically positive trend, while the Ane type does not
show any statistically significant trend.

3.4. Synoptic Analysis

The anomalies of the geopotential heights of the prevailing circulation types during the
WCSPs at both of heights (500 hPa, 1000 hPa) were examined. The analysis was performed
for the types with the highest frequency of occurrence, i.e., the cyclonic Cne type at 500 hPa
and the anticyclonic Anw type at 1000 hPa. Primarily, the geopotential anomalies (500 hPa
and 1000 hPa) of the predominant circulation types during the cold days of WCSPs were
studied and compared with the anomalies in the mean synoptic situation of these types
(average map of anomalies) (for all stations) (Figures 6 and 7). The differences that arose, in
relation to the anomalies in the mean synoptic situation at 500 hPa, are presented for some
indicative stations in Figure 8.

Figure 6 shows the mean 500 hPa anomalies for the cyclonic type Cne over the period
1961-2019 (red border) and the 500 hPa anomalies maps for the cyclonic type Cne during
the WCSPs for the stations in which they were most prevalent. According to Figure 6, the
cyclonic center of the Cne type was located over the northern part of Black Sea. However,
during the WCSPs, the cyclonic center was deeper for almost all stations, and the negative
center moved to the south. Split and Gospic presented the highest negative anomalies.
Respectively, Figure 7 presented the results for the prevailing circulation type at 1000 hPa,
i.e., the anticyclone Anw. In this case, there are two maps with red borders. There is an
average map of anomalies for the station of Thessaloniki and one for the other stations. In
this case, the mean 1000 hPa anomalies maps (red border) for the anticyclonic type Anw
over the period 1961-2019 are two, due to the two classifications applied to the data. The
anticyclonic center of the Anw type was located to the northwest of the Balkan Peninsula.
During the WCSPs, the majority of the stations the anomalies maps at 1000 hPa indicated
that the Anw centers remained in the same location, but the positive anomaly centers
were stronger. The maps of differences at 500 hPa (Figure 8) showed positive anomalies in
northern Europe and negative anomalies in the western Atlantic, meaning that, during the
WCPs, both the Icelandic low and the Subtropical High (Azores), were weakened.
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Figure 6. The mean 500 hPa anomalies for the cyclonic type Cne during the WCSPs for the climatological period 1961-2019 (red border), and the anomaly maps
during WCSPs at 500 hPa (the other maps).
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Figure 7. The mean 1000 hPa anomalies for the anticyclonic type Anw during the WCSPs for the climatological period 1961-2019 (red border), and the anomaly
maps during WCSPs at 1000 hPa (the other maps).
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Figure 8. The differences that arose between the anomaly maps during WCSPs, and the mean synoptic situation at 500 hPa.
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The vertical cross-section of the geopotential height anomalies for the 24 days of
the longest WCSP (Figure 9), which took place in Belgrade (Serbia), in the period 12
January 1963—4 February 1963, were created to complete the synoptic analysis. The data
for creating this figure were collected from the NOAA (https://psl.noaa.gov/, accessed
on 25 November 2021), using 1981-2010 base period. At 1000 hPa, from 16 January 1963
to 19 January 1963 and from 21 February 1963 to 29 February 1963, positive values of
anomalies prevailed at 1000 hPa. At 500 hPa, during this WCSP, the negative values of
anomalies prevailed, with the most intense being the first days of the WCSPs. The vertical
cross-section of the geopotential height anomalies showed that the longest WCSP was an
alternation between cyclones and anticyclones. It was observed that a cold air mass at
500 hPa caused high pressure at the surface (1000 hPa), resulting in the loss of energy by
longwave radiative cooling. Consequently, longwave radiative cooling was responsible for
an ongoing local production of cold air, which, in turn, enhanced the high pressure at the
surface.

Vertical Cross Section of the Geopotential Height Anomalies
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Figure 9. Vertical cross-section of the geopotential height anomalies. The daily geopotential height
anomalies at 12 pressure levels are shown for the 24 days of the longest WCSP at Belgrade station
using 1981-2010 base period (https://psl.noaa.gov/, accessed on 25 November 2021). The blue (red)
colors represent negative (positive) values of anomalies.

3.5. Conclusions and Discussion

In the present work, the winter cold spells (WCSPs) of 25 Balkan stations for a 59-
year period (1961-2019) were exploited, in order to understand their spatio-temporal
variability, as well as their individual dynamic and synoptic characteristics. The aim was to
determine the atmospheric conditions that contribute to the appearance of WCSPs, with
the overarching goal of identifying the circulation types that favor their creation. The main
findings of the study can be summarized as follows:

1.  As expected, the highest temperatures of the year occurred in mid-summer (July),
while the lowest occurred in mid-winter (January). Regarding the geographical distri-
bution of the temperature, the stations with the higher altitude recorded the lowest
temperatures, while a gradual temperature increase was observed from the central to
the coastal and southern stations of Balkan Peninsula. According to the literature, the
Mediterranean Sea contributes to this distribution from north to south to a large extent,
which has a beneficial effect on the climate and winters that are milder in the coastal
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areas. In general, the Balkan Peninsula receives mild moist Mediterranean air, which
is transported by the westerly winds. On the other hand, occasionally, large-scale
atmospheric circulation changes result in colder conditions, with a northerly flow from
Scandinavia [45] or a northeast flow from Siberia [46]. As for the extreme minimum
temperatures in the Balkans (Belgrade) during the winter, Unkasevi¢ and Tosi¢ [47]
showed that they are highly linked with the NAO index.

A positive trend was observed regarding extreme minimum and maximum tempera-
tures. This fact indicates that the minimum temperatures over the years became less
extreme. On the global scale, most studies agree on the increasing trend of extreme
minimum temperatures [17,19], while an increasing trend is observed at extreme
maximum temperatures, but not with the same significance as the increases of extreme
minimums. On a smaller scale, [48] analyzed climatic extremes in northern and cen-
tral Europe, and their findings showed that both the maximum and minimum daily
temperatures have increased. However, they reported that the minimum tempera-
tures rose faster than the maximum temperatures, causing a reduction in the diurnal
temperature range. Studies from central/eastern Europe [49] or in extra-Carpathian
regions of Romania [50] have shown corresponding results, i.e., that the daily max-
imum temperature became more extreme, while the daily minimum temperature
became less extreme. Focusing on southeastern Europe, and specifically the central
and eastern Mediterranean, Efthymiadis et al. (2011) [51], outlined that, on an annual
basis, the minimum temperatures during the winter increase more than the equivalent
maximum ones. On a smaller scale, specifically for the region of Serbia, UnkaSevi¢ and
Tosic¢ [47] showed that extreme temperatures in Belgrade have increased, noting that
the climate in Serbia generally tends to become warmer in the future. Nevertheless, the
overall tendency toward milder winters appeared in the temperature data for much
of Europe, and this tendency was at least partially attributable to the predominance
of the positive phase of the North Atlantic oscillation (NAO) during the 1980s and
1990s [52,53].

The station with the highest average of frost days (Tpnin < 0) per year is that of Mier-
curea (Romania), with 135 days/year, while with the lowest is the station of Split (Croa-
tia), with 7 days/year. On the other hand, the station with the highest average days of
total frost (Tmax < 0) per year is that of Zavizan (Croatia), with 63 days/year, while the
stations Split and Zadar do not record total frost days. According to Frich et al. [19],
on a global scale, a uniform decrease in the number of frost days occurred during
the second half of the 20th century, but for the Balkan Peninsula region, there were
a few increases. Karl et al. [54] have shown similar findings, reporting that, in many
areas of the world, the number of frost days has decreased, but many areas of eastern
Mediterranean showed a significant increase trend in the frost index on the annual
scale. Additionally, a few positive trends of total number of frost days on an annual
basis were found in western and southern Greece by Kostopoulou and Jones [20].
Contrarily, Unkasevi¢ and To$i¢ [35], in their study of the region of Serbia, found
negative trends in the number of frost days for the period 1949-2012. In fact, they
reported that the warming in Serbia was more related to increases in the frequency of
heat waves than to the reduction in cold days.

The frequency of the occurrence of WCSPs during the cold period of the year ranges
from zero to eight WCSPs/year. The station in Zagreb (Croatia) was the one character-
ized by eight WCSPs during the cold year 1996-1997. The longest WCSP was recorded
at Belgrade station (Serbia), with 24 days of cold temperatures from 12 January 1963
to 4 February 1963. During this long WCSP, Belgrade recorded its most extreme mini-
mum temperatures MinTmax —14.3 °C, MinT i, —21.0 °C, and MinTmean —17.3 °C.
It is obvious that there was a statistically significant negative trend in the number
of cold spells per year at the stations: Ljubljana, Split, Zadar, Zagreb, and Zavizan
and 2) a statistically significant negative trend in the duration of cold spells at the
stations: Cluj Napoca, Ljubljana, and Varazdin. Boccolari and Malmusi [55], in their
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study of the Moderna region in Italy, found that the duration index of cold spells
diminished (—4.8 days per decade for 1989 to 2010). In general, for the region of
Europe, Klein et al. [36] reported an increase in cold spell days during 1976-1999, in
contrast to the regional warming trend during this period. Nevertheless, an overall
trend towards milder winters appeared in the temperature data for much of Europe.
The natural mechanisms standing behind the decreasing trend of cold spells vary.
According to the present study;, it is important information that the types that favor
the development of WCSPs (Cne or Cse at 500 hPa) showed a decrease over time.
Previous research has shown that this trend is at least partially attributable to the
predominance of the positive phase of the North Atlantic oscillation (NAO+) during
the 1980s and 1990s [52,53]. It is known that the negative phase of the North Atlantic
Oscillation (NAO-) is associated with anomalously cold and dry winters in most of
Europe, whereas the positive phase of NAO is often associated with anomalously
warm and moist winters [52,56,57]. However, the NAO phase alone does not explain
all aspects of the influence of atmospheric circulation over the North Atlantic on Eu-
rope [58]. According to Serreze et al. [59] and Screen [60], a direct effect is that winter
extreme events in the middle latitudes that have cold air outbreaks originating from
the Arctic are not as cold as they were in the past. However, atmospheric circulation
is not the only explanation. According to the literature, in recent years, the water
vapor content has increased in many stations, mainly in Southern Europe, rather
than in Northern Europe [61,62]. As a result, longwave cooling has been reduced,
raising the temperature and possibility inhibiting the formation of cold spells more
frequently [61-63]. Finally, we acknowledge that European winter temperatures are
also affected by other factors than those explicitly discussed above. Such factors
include atmosphere—ocean coupling in the tropics and subtropics; shifting large-scale
ocean temperature patterns; radiative forcings by greenhouse gases, aerosols, and
ozone; and internal variability [64].

During the WCSPs in the Balkans, the most important prerequisite for cold spells is
the cyclonic northeastern type (Cne) or cyclonic southeastern type (Cse) at 500 hPa.
At the surface, the anticyclonic northwest type (Anw) or anticyclonic northeastern
type (Ane) present, in general, greater frequencies. This means more or less strong
northerly advection in any case at the surface. According to Maheras et al. [65], the
cyclonic type Cne presents an eastern flow and is responsible for the prevalence of
low temperatures in the study region. In this circulation type, the wind blows mainly
from the northerly, northwesterly sector results in colder conditions in the Balkans,
with the transport of cold air masses from Scandinavia [38]. On the other hand, in
most stations, the duration of WCSPs at 1000 hPa is associated with a shallow cold
anticyclone (Anw). In this type, the wind over the study region prevails from the
northerly sector, with higher intensity during the cold period. Plavcova and Kysely [7]
showed that, during the WCSPs, the frequency of anticyclonic types increases, while
the western types do not favor the WCSPs. The same results were carried out from
their subsequent study [7]. On the contrary, they also reported that the probability
of extreme temperatures events reduced significantly with the prevalence of zonal
westerly flow. This is probably explained by the fact that, generally, westerly winds
transport mild moisture and make the climate milder.

The start of WCSPs appears to be favored by the prevalence of the cyclonic northeast-
ern type (Cne) at 500 hPa, 1 and 2 days before the start of WCSPs, while it is favored
with the predominance of the cyclonic southeastern type (Cse) 1 and 2 days before
the start of WCSPs at 1000 hPa. These results are in line with those of Plavcova and
Kysely [7], who showed that only the eastern and/or northern cyclonic types favor
the start of CSPs.

During the WCSPs at 500 hPa, both the cyclonic center at 500 hPa and the anticyclonic
center at 1000 hPa are stronger, compared to the mean synoptic situation. The maps of
the differences at 500 hPa showed that WCSPs relate to the negative phase of NAO, due
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to the weakening of the Icelandic low and the subtropical Azores high. The negative
phase of NAO is associated with the cold conditions in northern Europe [47,66].

In conclusion, the pattern that causes the WCSPs in the Balkan region is characterized
by cyclonic systems before the start of WCPs (day-1, day-2) (at 500 hPa and 1000 hPa),
which cause extreme low temperatures. Then, during the WCSPs, a cold anticyclonic
system keeps the temperatures low, while in the upper atmosphere, cyclonic systems
prevail. There are few studies focusing on the connection of cold spells with atmospheric
circulation types for the Balkan region. This connection was studied in the present work.
From the above conclusions, it seems that atmospheric circulation somehow prepares the
appearance of WCSPs. It turns out that there are specific circulation types that are related
to their start, but also to their duration. We would like to mention that, when some stations
develop a longer or colder cold spell, local modifications additionally play an important
role. These local modifications would be interesting to study in a further study. Finally, we
believe that the conclusions of this research can be used in the future to predict similar cold
events.
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Appendix A
Acronym Table

Anticyclonic Types Cyclonic Types

Anw Anticyclonic northwest C Cyclonic
Ane Anticyclonic northeast Cnnw  Cyclonic north northwest
A Anticyclonic Cwnw Cyclonic west northwest
Asw Anticyclonic southwest | Cwsw  Cyclonic west southwest
Ase Anticyclonic southeast Cssw  Cyclonic south southwest

Cse Cyclonic northeast

Cne  Cyclonic northeastern type

Figure A1. The 5 anticyclonic and 7 cyclonic types and their abbreviations.
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Figure A2. The location of the anticyclonic (a) and cyclonic (b) circulation type center. An example
for Greece.
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