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Abstract

:

The atmospheric circulation, not only near the surface but also at high altitudes, is probably the main factor determining the weather and climate of a given area, along with its latitude, altitude, the shape of the relief of the area and its surroundings, and the proximity of water basins of different sizes. The main objective of this study is to investigate the relationship between anticyclonic circulation types in the middle troposphere at the 500 hPa level and the seasonal summer temperature over the region of the central Balkan Peninsula, particularly Bulgaria. A previously compiled classification of atmospheric circulation is used, and the frequencies of the circulation types are correlated with the mean seasonal (monthly) temperature, where the extreme seasons and months are defined as the 10th percentile for cold summer seasons and months and the 90th percentile for warm ones. A positive and statistically significant correlation was found for the anticyclones located southwest of Bulgaria and a negative one for those located southeast of it. A comparison between the last two 30-year climatological periods (1961–1990 and 1991–2020) was also made, and an irrefutable decrease in the number of cold summer seasons from 257 to just 17 was found in the last 30 years, respectively, as well as a rapid increase in the number of extreme warm summer seasons from 26 to 263, encompassing all 15 meteorological stations studied.
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1. Introduction


One of the main goals of synoptic climatology is not just to classify atmospheric circulation types according to certain rules assessing baric fields but also to compare the frequencies of the types with a great variety of meteorological elements and to study the dependencies between atmospheric circulation patterns and meteorological phenomena. Numerous studies have been dedicated to investigating extreme events during specific synoptic conditions and their trends over recent decades, which is an important task, especially in the context of climate change. For example, hot spells or heat waves and their relationship with atmospheric circulation are explored in [1,2,3,4] for different regions of Europe and in [5,6,7,8,9,10] for other parts of the world. Synoptic analyses of cold spells have been performed for many regions and focus either on climatological aspects [11,12,13] or on concrete extreme cold periods [14,15,16]. Cases of extreme precipitation with the potential to cause flood hazards and other dangerous events such as landslides are also depicted in a lot of research [17,18,19,20,21,22,23,24,25]. There are several approaches to composing circulation types in atmospheric circulation classifications. Some of them use the direction of the air masses near the land surface as a main variable for naming and numbering the baric formations of circulation types, such as the classification by Lamb [26,27] for the British Isles.



The other main approach to determining circulation types is to use the position of the centre of the baric formation (cyclone/anticyclone) towards the territory of interest. Such classifications include the widely known “Grosswetterlagen”, composed by Hess and Brezowsky for the central parts of Europe [28,29,30], Maheras’s classification composed for Greece [31,32,33], and the classification for Bulgaria [34,35,36], used in the present work and explained in detail in [34]. The latter classification is made for both SLP (sea level pressure) and 500 hPa geopotential height at approximately 5.5 km above sea level in the middle troposphere. A great dependence on the atmospheric circulation between both baric levels occurs. In the front part of the high trough, an airflow divergence of 500 hPa exists, which causes a decrease in the air pressure at that level. Meanwhile, this is a reason for upward movements between the surface level and the 500 hPa level, i.e., the convergence of the airflow near the surface and, respectively, the cyclonic circulation there. The opposite processes are valid in the back parts of the high trough, where a convergence of the airflow exists, followed by downward movements, as the result is anticyclonic circulation near the surface, below this part of the high trough. This is one of the reasons why research dedicated to atmospheric circulation classifications at 500 hPa makes sense.



In the northern hemisphere, the airflow at the front of the high trough at 500 hPa comes from the southern quarter, bringing warmer air masses to the investigated area. For the Balkans, these air masses originate from the Mediterranean or North Africa. In the back parts of the high trough, the winds are from the northern quarter and cause cold penetration in the middle troposphere. Many studies investigate the dependencies between the circulation at 500 hPa and various meteorological manifestations. The connection between synoptic types at 500 hPa and fires has been examined for Canada [37,38], Alaska [39], the western Mediterranean region [40,41], and Australia [42]. In the field of air quality, atmospheric and synoptic conditions are examined for continuous and severe weather pollution in many regions like China [43,44,45,46,47,48], other parts of Asia [49,50], the Arctic [51], and the Iberian Peninsula [52]. Other articles assess the influence of circulation at 500 hPa on climatological seasons [53,54] or concentrate on specific cases or consequences of some meteorological phenomenon [55,56].



Considering temperature as a meteorological element, studies mostly concentrate on their minimum or maximum values and, to a lesser extent, on their average values. This is associated with the fact that the minimum and maximum temperatures are extreme values, which are of interest if the purpose of the study is to investigate extreme meteorological phenomena. The average daily or monthly temperatures could also be used to explore extreme events because the minimums and maximums might be considered as a function of the average values, but the choice depends on every concrete research goal. Regardless of which temperature parameter is chosen, a predefined rule is required to define an extreme temperature event. One of the solutions is to choose a constant number as a threshold, but the problem with using this approach is that it is defined for a particular geographic region, as the value varies and is dependent on latitude and climate characteristics, altitude, and the season of the year [57,58]. This is the main reason why relative thresholds of the empirical distribution of the temperature, or so-called percentiles, take part and are widely used. This method allows for comparing data gathered from meteorological stations in different geographical areas and with different climates and was proposed in [59,60]. Therefore, it is ensured that a given part of the temperature observations are extreme by definition, regardless of their range or impact. [61,62]. Temperature extremes are most often determined using percentiles ranging from the 1st to the 10th for cold days and from the 90th to the 99th for warm or hot days and are presented and commonly used in various climatological indices [63,64,65]. Percentile indices could be defined for different time frames. For example, [66,67] calculates the percentile for the entire calendar year, for the entire summer season (June, July, August) [68], and separately for every summer month [69].



The main goal of the current work is to investigate the relation between the anticyclonic circulation types at 500 hPa, formed according to the rules in [34], and summer seasonal temperature, respectively, for every summer month in the period 1961–2020, which includes the last two climatological periods 1961–1990 and 1991–2020. A comparison between extremely warm and cold seasons for these two periods is also performed. The thresholds of the 10th and 90th percentiles of the examined 60-year period are used for determining the extreme cold and warm temperature months and seasons. This approach is applied not only to the temperature time series but also to the frequencies of the circulation types. Conclusions are drawn for each type based on its correlation with seasonal and monthly temperatures.




2. Materials and Methods


The studied area includes climatological data from 15 meteorological stations (Table 1 and Figure 1), which are relatively evenly distributed and situated in different climate zones. Thirteen of them are within the territory of Bulgaria, and two, Nis (Serbia) and Calaras (Romania), are situated near the Bulgarian border. The Musala and Murgash stations represent high mountain areas above 2000 m a.s.l. and mid-mountain areas between 1000 and 2000 m a.s.l. According to the Köppen classification [70], they have a typical mountain climate, corresponding to E and Dfc zones. The stations Sofia, Kjustendil, and Razgrad, at an altitude between 346 and 586 m a.s.l., correspond to the climate zone Cfb. It is characterized by a hot summer and cool winter with relatively evenly distributed annual precipitation. The southernmost stations in the studied area are Sandanski and Kardzhali, which fall into the Csa climate zone, characterized by hot and dry summers, mild winters, and maximum precipitation in the cold half of the year. The remaining stations are in the Cfa zone.



The period of the study was 1961–2020, and the monthly and correspondingly summer seasonal temperature values were calculated according to the climatological methodology [71,72], based on the daily average values derived from three fixed-in-time daily observations at 7, 14, and 21 local standard time, as the evening observation was weighted twice (1).


T(ave) = (T7 + T14 + 2×T21)/4



(1)







Summer temperatures were obtained by averaging the monthly values for June, July, and August.



The atmospheric circulation classification used in the study was carried out using a subjective (manual) approach to the circulation types. This means that every day in the examined period was classified manually, according to some predefined rules, without using an automatic execution of a numerical algorithm. The classification was based on the data and isolines for a geopotential height at 500 hPa, derived from 20th-century reanalyses, NCEP CFSR/GFS reanalyses, and NCEP/NCAR reanalyses [73,74,75]. The visualisations from wetter3.de were mainly used for this purpose, where the data for these three reanalyses were united, covering different periods [76]. We considered the atmospheric circulation to be of an anticyclonic type in cases where a certain anticyclone covers the territory of Bulgaria, regardless of where its centre is located. According to the position of the centre of the anticyclone relative to the territory of Bulgaria, five types of anticyclonic circulation at 500 hPa were determined. The centre of anticyclone type A1 is situated northwest of Bulgaria, north of the 45th parallel, and west of the 25th meridian, and A2 is north of the 40th parallel and east of the 25th meridian. Type A3 is over the country between the 40th and 45th parallel and the 20th and 30th meridian. The anticyclonic type A4 is often a ridge from the Azores High, considered as such if its centre is west of the 20th meridian and south of the 45th parallel. The centre of type A5 is east of the 20th meridian and south of the 40th parallel (Figure 2).



The summer (June, July, August) frequencies of the anticyclonic types at 500 hPa over the 60 years (1961–2020) are presented in Table 2. The second column represents the frequencies concerning all circulation types (anticyclonic and cyclonic) at that baric level, while the third column shows the frequencies only amongst anticyclonic types.



Types A1, A2, and A3 have very low frequencies compared to the A4 and A5 types; hence, their climatological influence is relatively small, and that is why more attention is paid to the last two. The presence of the A1 type at the 500 hPa level leads to a northern direction of airflow at that baric level, and often, there is the presence of a high trough east of the anticyclone. In the presence of of A2, the wind direction at the 500 hPa level over Bulgaria comes from the eastern quarter, and it depends on the exact position of the isolines of the baric field. The A3 type’s centre is over the territory of Bulgaria, so it is the reason for there being almost no wind in this area (Figure 2). A4 has the highest frequency, not only among anticyclonic types but also among all circulation types at 500 hPa, during the summer season. It has a leading climate-forming role, especially in the summer. Its frequency is 28.7% for all types and 71.9% for the anticyclonic types. The A4 type causes westerly and south-westerly winds and thus causes relatively warmer air masses, predominantly from the Mediterranean or Northern Africa, to reach the middle levels of the troposphere above central parts of the Balkan peninsula and especially Bulgaria. The frequency of type A5 is second in value, although it is much smaller than that of A4. Depending on the exact position of the baric formation, the winds have a southwestern or southern direction. In almost all cases with A5, there is a trough situated west of it, over a territory most often above the middle of the Mediterranean. This fact means that over this region, relatively colder air masses are already intruding, through the counterclockwise directions of the airflow of the system of this high trough. As a consequence, this south–western direction of the winds in the neighbouring A5 anticyclone, in most cases, has, to some degree, a cooling effect in the middle troposphere over the territories of the Balkan peninsula, and because the circulation in the western back part of the high anticyclone is similar to that in the front part of the high trough and some kind of cyclonic circulation at lower atmospheric levels, respectively, cloudiness or even precipitation can occur.



The seasonal distribution of anticyclonic circulation types is shown in Figure 3. The domination of type A4 over A5 is so substantial only in the summer season. In the transitional seasons (spring and autumn), A4 still prevails, but in the winter, the frequency of A5 is even greater than that of A4. Only A4 and A3 have their maximums in the summer, A2 in the autumn, and A5 and A1 in the winter.



To find a relation between the frequencies of the circulation types and the summer seasonal temperature, Pearson’s correlation coefficient was used, with a standard level of significance (α = 0.05) determined by t-tests. According to the chosen significance level and the length of the row of 60 values concerning the period (1961–2020), the calculated statistically significant correlation coefficients have values greater than 0.26. For assessing the tendencies of the anticyclonic types at 500 hPa, the non-parametric Mann–Kendall test [77] and Sen’s slope estimator [78] were applied. The calculations of correlations and trends on a monthly and seasonal basis were carried out through MS Excel’s RealStatistics software ver.8.7 [79].




3. Results and Discussion


3.1. Extremely Warm and Cold Summer Seasons in 1961–1990 and 1991–2020


Extreme values of the seasonal and monthly temperatures in the present work are defined as less than or equal to the 10th percentile (≤p10) for extremely cold and greater than or equal to the 90th percentile (≥p90) for extremely warm months or seasons, concerning the period 1961–2020. Table 3 shows the ratios between the last two 30-year climatological periods (1961–1990 and 1991–2020) of extremely cold and warm summer months, respectively, providing a summary for the season and separate values for the months June, July, and August, for each of the meteorological stations included in the research. Left of the slash are the values in the period 1961–1990 and, to the right of it, for 1991–2020. The number of extremely cold months decreased rapidly from 257 months in 1961–1990 to just 17 months in 1991–2020. This represents a fifteen-fold decrease. Conversely, the number of extremely warm months increased from 24 in 1961–1990 to 247 in 1991–2020, which is over ten times more. This increase in hot extremes was found by Malcheva et al. [80], who stated that in the Cfa and Csa climate zones of Southeastern Europe, the number of warm days in the period 1991–2020 was 12–13 higher than in 1961–1990. Zahradníček et al. [81] point out the increasing number of anticyclonic types as the cause of extremely hot events in the Czech Republic.



Cases with extremely cold months in 1991–2020 and extremely warm months in 1961–1990 are small in number, so they could be mentioned just as exceptions in their relevant periods. For p10 in June, these are 1992 and 2005, registered only in three stations in southern Bulgaria—1992 in Kjustendil and Kardzhali and 2005 in Kardzhali and Sliven. The threshold of p90 was reached in several stations in southern Bulgaria in June 1981, while July 1987 was extremely warm in the western part of Bulgaria. August 1997 was extremely cold, falling into the range of p10.




3.2. Correlation between Summer Temperature and the Anticyclonic Types at 500 hPa


In this subsection are presented the calculated Pearson’s correlation coefficients between summer seasonal temperature and the frequency of each anticyclonic type at the 500 hPa level for all 15 meteorological stations (Table 4). Type A1 has a negative and statistically significant correlation for all the stations, as it is stronger in the western parts of Bulgaria, so its cooling influence is a little more significant in the western parts of the country. The correlation of A2 with seasonal temperature is negative for most of the stations but statistically insignificant for all of them, and the values are close to zero. A3 also has a slight and statistically insignificant correlation with the temperature for all the stations, but unlike A2, it is positive for almost all the stations. The frequencies and, respectively, their climatological influence on the regions of types A4 and A5 are much greater, and the spatial distribution of the correlation coefficients will be shown in more detail. The type with the greatest positive correlation with the summer seasonal temperature amongst all anticyclonic circulation types at 500 hPa is type A4. The correlation values are highest in western Bulgaria, decreasing slightly to the east. The lowest values are registered on the Black Sea seaside in Varna and Burgas, as Varna is the only station where the correlation coefficient is not statistically significant. This fact means that the Azores High’s, at 500 hPa, influence on the temperature at the surface slightly weakens in the eastern direction because of the cooling effect of the Black Sea during the summer on one side, and also that the eastern parts of Bulgaria are always more or less on the periphery of the anticyclone concerning type A4. As seen from Table 4, A5 frequencies have negative correlations with summer seasonal temperature, and therefore this type has a relatively strong cooling effect for Bulgaria.



Table 4 presents the correlation coefficients of the summer months (June, July, and August) between temperatures and the frequencies of types A4 and A5, including the seasonal correlations for all anticyclonic types at 500 hPa. Bold monthly values mark the maximal correlation coefficient amongst the three summer months for A4 and A5. For twelve of the fifteen meteorological stations, the maximum is in August concerning A4, only Kardzhali and Sandanski in southern Bulgaria and Razgrad have a maximum in July. The maximum correlation coefficients for A5 are in July, and the only exception is Calarasi, with a maximum in June. Most of the monthly values of the correlation coefficients are not statistically significant in June and August for A5, while for July, the correlation coefficients are statistically significant for the stations in the northern part of Bulgaria. It is evident that the monthly correlation coefficients for type A5 are smaller than the seasonal ones. This fact is probably because the monthly data series of type A5’s frequency has many zero values over the years. The spatial distributions of the Pearson’s correlation coefficients between the frequency of types A4 and A5 and the summer seasonal temperature show differences across the territory of the country in connection with the influence of orography and proximity to the Black Sea (Figure 4 and Figure 5).



The opposite correlations between the frequency of circulation types A4 and A5 and summer air temperatures are a result of the different synoptic situations during the two types of anticyclonic circulation. For example, in most cases, during A4, there is prevailing zonal circulation over the continent. Sfîcă et al. [82] pointed out that increasing diurnal temperature range and strong heating in summer are related to west anticyclonic circulation patterns. Type A5 is often an anticyclonic ridge from the south, and when it occurs west of it, there is a baric trough over the central Mediterranean. In such a situation, in summer, relatively colder air exists in these regions, and this pattern affects the adjacent anticyclone, which causes negative correlation coefficients between the frequency of A5 at 500 hPa and temperature. In this case, more meridional than zonal circulation develops over the whole region of Europe, not only in Southeastern Europe. Bartoszek [83] found a higher-than-average frequency of anticyclonic and northerly circulation in summer over East–Central Europe.




3.3. Dependencies between Seasonal and Monthly Temperature and the Frequencies of the Anticyclonic Types at the 500 hPa Level


The distributions of the frequencies of circulation type A4 and the average temperature from all the studied meteorological stations are presented in Figure 6, where (a) is on a seasonal basis, (b), (c), and (d) are for the months June, July, and August. The blue dots represent the values in the years when both temperature and the frequencies of type A4 fall in the 10th percentile of the data series. Red dots represent the 90th percentile. On a seasonal basis (a), the tenth percentile requirement is fulfilled in the years 1976 and 1969, as 1976 is the coldest summer in the period (1961–2020). The warmest summers in that period were 2012 and 2007, and they are also the summer seasons with the highest frequencies of type A4. The coldest June (b) occurred in 1989, and this was also the only June with no registered days of A4 in the 60-year period studied. The other year in the 10th percentile for both temperature and the number of days with A4 is 1976, as June 2012, 2007, and 2003 were the warmest Junes, and 2012 and 2003 had the maximum number of days with A4 in June. The years 2012 and 2007 were the warmest for July (c), and 1987 fulfils the requirement too. The second coldest July was in 1971, with a minimum of just 1 day with A4, while the coldest was in 1969. The warmest August (d) was in 2010, but the 90th percentile was exceeded for both temperature and the frequency of A4 in 1992 and 2008. The coldest August was in 1976, when no days with A4 were recorded. The distribution of the dots reveals the positive correlation between the frequency of A4 and the temperature, as is visible to various degrees in all four graphs.



The same approach was used concerning type A5, and its distribution of frequencies and all the stations’ average temperatures are shown in Figure 7. As opposed to type A4, A5 has a negative correlation with the temperature, although the correlation coefficients every month show that most of them are not statistically significant (Table 4). The negative correlation in this case means that the values below the 10th percentile of one parameter are compared to those above the 90th percentile of the other parameter. For example, the high temperatures over the 90th percentile are associated with a low number of days with type A5, and vice versa! On a seasonal basis (Figure 7a), the negative correlation is well visible, as the highest values of the temperature in 2012, 2003, and 2019 are correlated with a low number of days of type A5 below the 10th percentile. The summer of the year 1969 fulfilled the opposite requirements for the temperature to be equal to or below the 10th percentile and the number of days with A5 equal to or above the 90th percentile, but it was neither the coldest year nor that with the highest number of days with A5. The situation presented in the chart for June is similar (Figure 7b). The distribution of the dots for monthly values for June (b), July (c), and August (d) shows that the relation is smaller than for the entire summer season. As mentioned above and seen in Figure 7, there are many zero values on the monthly series for A5. In July and August, there is an absence of blue dots on the graphs because no one year covers the requirement for the temperature to be below the 10th percentile and, at the same time, the number of days with type A5 to be equal to or greater than the 90th percentile.



The atmospheric circulation classification used in this research was made for the whole territory of Bulgaria and the neighbouring territories, as explained above in Section 2 Materials and Methods (Figure 2), so the number of days with the current circulation type is valid for the whole territory and, respectively, for all studied meteorological stations. Table 5 gives the results concerning type A4 individually for all examined stations on a seasonal and monthly basis. It is evident that the years within the 10th and 90th percentile thresholds for both parameters are similar across most regions of the relatively small territory of Bulgaria, although there are some regional differences. For example, July 1987 falls in the 90th percentile only in the western parts of the country, thus showing that the hot period in that month is more pronounced in western Bulgaria. August 1992 was one of the warmest for almost all of the country, except on the seaside and Sliven, less than 100 km west of it. Similar conclusions could be drawn for one of the coldest summer seasons in 1969 and the month of June 1976, which are not amongst the coldest in the eastern and southeastern parts of the country near the seaside. The temperature in July 1981 crossed the 10th percentile in the western, northwestern, and northeastern parts of Bulgaria, which is probably caused by cold fronts from the northwest in that month because these regions are susceptible to stronger cold air intrusions in this way. However, such a regional implication could not be made for the cold August 1997 because the temperature falls within the 10th percentile threshold for stations in different regions. For all the other stations, the temperature was very close to this threshold, but it had not been reached. The situation was similar for the whole summer of 2008; the temperature achieved the 90th percentile only for three stations, but for the others, it was close to it but below the threshold. On a seasonal basis, the coldest and warmest years are almost the same, with some exceptions mentioned above. The gaps in Table 5 have no values, like August for Varna and Burgas and July for Varna, which means that there is no coincidence between the exceedance of the threshold for both temperature and the number of days with type A4. This is an interesting fact, but maybe logical, because of the lower coefficient of correlation between type A4 at the 500 hPa level in the middle troposphere and the surface temperature in the eastern direction near the seaside.



Concerning type A5, Table 6 shows just the seasonal and not the monthly values of the number of days with type A5 and the temperature, falling in the 10th and 90th percentile thresholds, because the correlation coefficients every month are not statistically significant, except for July (Table 4). The correlation coefficient between A5 and the temperature is negative, so here the opposite conditions must be fulfilled: the temperature must be equal to and below the 10th percentile, and the number of days must be equal to and above the 90th percentile for extremely cold years and the opposite for extremely warm years. Like type A4, the years that fall within the thresholds are 1969 for the extremely cold summer seasons and 2012 for the extremely warm ones.




3.4. Trends of A4 and A5 Anticyclonic Types at the 500 hPa Level in the Summer Seasons


The frequencies of types A4 and A5 during every summer season in the examined 60-year period are shown in Figure 8. The blue and red-coloured years in the figure represent the coldest and warmest summers. fulfilling the thresholds of the 10th and 90th percentiles for both seasonal temperature and the number of days of the current type. The applied Man–Kendall test and Sen’s slope estimator on both rows show a statistically significant decrease in A5 (p-value/2.02 × 10−9) and an increase in A4, but these are statistically insignificant (p-value/0.25).



The decrease in A5 is nearly 187% relative to its average value of 6.9 days per season, and the increase in A4 is 16% at an average value of 26.4 days for the summer season. At the beginning of the period, the frequencies of both types are close to each other and even almost equal, but gradually the presence of A4 increases, while that of A5 does not. Type A4 had its record frequency in 2012 of 49 days, which is more than half of the whole summer season, consisting of 92 days. The average summer seasonal temperature for all the studied meteorological stations in the period 1961–2020 is illustrated in Figure 9. The highest summer temperature was also reached in 2012, followed by 2007. The trend is positive and statistically significant.



Taking into account the positive and statistically significant correlation with the temperature, its positive trend and one of the highest frequencies amongst all circulation types, we can conclude that the increased frequencies of A4 reinforce the warming in the central parts of the Balkan peninsula and especially in Bulgaria during the summer season. The opposite is valid for type A5 because, despite its lower frequency, its cooling effect has been limited in the last decades, due to its negative tendency.





4. Conclusions


Comparing the last two 30-year climatological periods (1961–1990) and (1991–2020), an undoubtedly rapid decrease in extremely cold summer seasons and summer months in the last 30 years has occurred, and at the same time, a rapid increase in extremely warm summer seasons and months was found, according to the accepted thresholds of the 10th and 90th percentiles. The highest number of extremely warm seasons was established during 1991–2020 along the seaside, and, at the same time, extremely cold seasons were not registered there at all. The reason for this fact is the rise in the frequency of type A4 on one side and the increase in the sea surface water temperature on the other. The correlation between circulation types and the temperature shows the warming effect at least on the middle part of the Balkans of Azores anticyclone at the 500 hPa baric level in the middle troposphere (type A4). August has the highest and most statistically significant correlation coefficient between type A4 and the temperature of all summer months. In most cases, anticyclones or ridges with a centre south and southeast of Bulgaria (type A5) have a cooling effect, although the direction of the air masses during the presence of this type is most often from the southwest. This fact is probably related to the neighbouring high troughs or cyclones situated west of the anticyclone over the middle Mediterranean, which means relatively colder air there. Such a kind of circulation at 500 hPa could be a reason for cyclogenesis in the lower levels and eventually cloudiness, possible precipitations, and, therefore, relatively lower temperatures, especially in the summer. The increasing trend in the frequencies of warming type A4 and the decrease in cooling type A5 prove that the change in the atmospheric circulation in the middle troposphere, concerning at least anticyclones, is one of the major reasons for the warming summers over the central Balkans in recent decades.
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Figure 1. Geographical distribution of the meteorological stations. This territory represents the Southeast part of Europe. 
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Figure 2. The visualizations of anticyclonic types at 500 hPa are acquired from the NOAA Physical Sciences Laboratory (PSL). First row (left)—a scheme showing the position of the centre of every circulation type (source: basemap of Europe from https://alabamamaps.ua.edu, accessed on 15 May 2024). First row (middle)—A1; First row (right)—A2; Second row (left)—A3; Second row (middle)—A4; Second row (right)—A5. Black curves illustrate isolines of geopotential height at the 500 hPa level. Yellow lines represent borders between the anticyclonic types. Source: NOAA-CIRES 20th Century Reanalysis (V2c). 
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Figure 3. Seasonal distribution of the anticyclonic circulation types at 500 hPa as % of all circulation types for the period 1961–2020. 
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Figure 4. Spatial distribution of Pearson’s correlation coefficients between frequency of A4 circulation type at the 500 hPa level and summer temperature (1961–2020). 
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Figure 5. Spatial distribution of Pearson’s correlation coefficients between frequency of A5 circulation type at the 500 hPa level and summer temperature (1961–2020). 
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Figure 6. Relations between the average temperature (ordinate) for all studied meteorological stations and the number of days (frequency) with type A4 (abscissa) in the period (1961–2020) for (a) the summer season; (b) June; (c) July; and (d) August. The blue and red dots show the years in which both the temperature and the number of days with this circulation type fall, respectively, in the 10th and 90th percentiles. 
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Figure 7. Relations between the average temperature (ordinate) for all studied meteorological stations and the number of days with type A5 (abscissa) in the period (1961–2020) for (a) the summer season; (b) June; (c) July; and (d) August. Blue and red dots show the years in which both the temperature and the number of days with this circulation type fall, respectively, in the 10th and 90th percentile. 
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Figure 8. Number of days of types A4 and A5 at the 500 hPa level in summer seasons in the period (1961–2020). 
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Figure 9. Average summer temperature for all examined stations (1961–2020). 
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Table 1. Coordinates and altitude (m a.s.l.) of the meteorological stations used in the research and their climate zone according to Köppen climate classification.
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	Station
	Altitude
	Latitude
	Longitude
	Climate Zone





	Vidin
	31
	43°59′39.1″ N
	22°51′09.1″ E
	Cfa



	Pleven
	160
	43°24′26.5″ N
	24°36′22.4″ E
	Cfa



	Razgrad
	346
	43°33′58.5″ N
	26°30′27.7″ E
	Cfb



	Calarasi
	20
	44°12′21.0″ N
	27°20′18.0″ E
	Cfa



	Varna
	39
	43°12′45.0″ N
	27°57′08.3″ E
	Cfa



	Burgas
	21
	42°29′51.7″ N
	27°28′57.7″ E
	Cfa



	Sliven
	259
	42°40′39.9″ N
	26°20′23.5″ E
	Cfa



	Kardzhali
	337
	41°38′48.2″ N
	25°23′07.2″ E
	Csa



	Plovdiv
	154
	42°08′03.5″ N
	24°48′09.0″ E
	Cfa



	Sandanski
	206
	41°33′00.0″ N
	23°16′02.5″ E
	Csa



	Kjustendil
	520
	42°17′01.7″ N
	22°42′47.3″ E
	Cfb



	Musala
	2925
	42°10′45.6″ N
	23°35′06.7″ E
	E



	Murgash
	1687
	42°49′58.4″ N
	23°40′07.7″ E
	Dfc



	Sofia
	586
	42°39′13.2″ N
	23°22′58.3″ E
	Cfb



	Nis
	202
	43°19′35.2″ N
	21°53′51.4″ E
	Cfa










 





Table 2. Summer frequencies (1961–2020) of the anticyclonic (AC) circulation types at the 500 hPa level in %.
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	Type
	% of All Types
	% of AC Types





	A1
	1.6
	4.0



	A2
	0.8
	2.0



	A3
	1.3
	3.3



	A4
	28.7
	71.9



	A5
	7.5
	18.8



	All (AC)
	39.9
	100.0










 





Table 3. The ratios between the last two climatological periods, 1961–1990/1991–2020, of extremely cold (p10) and extremely warm (p90), respectively, summer seasons and summer months.
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Station

	
Summer

	
June

	
July

	
August




	

	
p10

	
p90

	
p10

	
p90

	
p10

	
p90

	
p10

	
p90






	
Vidin

	
20/0

	
2/17

	
7/0

	
0/7

	
7/0

	
2/4

	
6/0

	
0/6




	
Pleven

	
18/0

	
3/16

	
6/0

	
1/6

	
6/0

	
2/4

	
6/0

	
0/6




	
Razgrad

	
16/1

	
2/16

	
5/1

	
1/5

	
6/0

	
1/5

	
5/0

	
0/6




	
Calarasi

	
19/1

	
2/19

	
6/0

	
1/7

	
5/1

	
1/6

	
8/0

	
0/6




	
Varna

	
17/1

	
0/21

	
6/0

	
0/7

	
6/0

	
0/7

	
5/1

	
0/7




	
Burgas

	
18/0

	
0/21

	
6/0

	
0/6

	
6/0

	
0/7

	
6/0

	
0/8




	
Sliven

	
15/3

	
1/18

	
5/1

	
1/5

	
5/1

	
0/6

	
5/1

	
0/7




	
Kardzhali

	
14/4

	
2/16

	
4/2

	
1/5

	
5/1

	
1/5

	
5/1

	
0/6




	
Plovdiv

	
18/0

	
0/18

	
6/0

	
1/6

	
6/0

	
0/6

	
6/0

	
0/6




	
Sandanski

	
18/1

	
3/17

	
6/0

	
1/5

	
6/0

	
2/6

	
6/1

	
0/6




	
Kjustendil

	
16/2

	
2/18

	
5/1

	
0/6

	
6/0

	
2/5

	
5/1

	
0/7




	
Musala

	
17/1

	
3/16

	
6/0

	
0/6

	
6/0

	
2/5

	
5/1

	
1/5




	
Murgash

	
17/1

	
2/16

	
6/0

	
0/6

	
6/0

	
2/4

	
5/1

	
0/6




	
Sofia

	
18/0

	
2/17

	
6/0

	
0/7

	
6/0

	
2/4

	
6/0

	
0/6




	
Nis

	
16/2

	
2/17

	
6/0

	
0/6

	
6/0

	
2/5

	
4/2

	
0/6




	
ALL

	
257/17

	
26/263

	
86/5

	
7/90

	
88/3

	
19/79

	
83/9

	
1/94











 





Table 4. Pearson’s correlation coefficients between summer seasonal temperature, summer month (VI, VII, VIII) average temperature for the types A4 and A5, and the seasonal and monthly frequencies of anticyclonic types at the 500 hPa level concerning the meteorological stations used in the study. The values in italics are statistically significant at a significance level of 0.05. Bold monthly values mark the maximal correlation coefficient amongst the three summer months for the A4 and A5 types.
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	Station
	A1
	A2
	A3
	A4
	VI
	VII
	VIII
	A5
	VI
	VII
	VIII





	Vidin
	−0.57
	−0.20
	0.12
	0.56
	0.29
	0.56
	0.66
	−0.50
	−0.17
	−0.42
	−0.25



	Pleven
	−0.49
	−0.15
	0.23
	0.59
	0.29
	0.66
	0.68
	−0.42
	−0.17
	−0.28
	−0.20



	Razgrad
	−0.47
	−0.06
	0.12
	0.54
	0.33
	0.61
	0.60
	−0.30
	−0.09
	−0.34
	−0.25



	Calarasi
	−0.47
	−0.04
	−0.06
	0.40
	0.19
	0.50
	0.51
	−0.44
	−0.27
	−0.20
	−0.13



	Varna
	−0.37
	0.07
	0.01
	0.25
	0.07
	0.31
	0.39
	−0.27
	−0.15
	−0.21
	−0.05



	Burgas
	−0.42
	−0.01
	0.03
	0.31
	0.15
	0.34
	0.44
	−0.38
	−0.20
	−0.25
	−0.14



	Sliven
	−0.48
	−0.09
	0.05
	0.47
	0.28
	0.51
	0.53
	−0.39
	−0.19
	−0.25
	−0.13



	Kardzhali
	−0.43
	0.01
	0.06
	0.48
	0.32
	0.60
	0.54
	−0.13
	0.01
	0.06
	−0.02



	Plovdiv
	−0.55
	−0.16
	0.10
	0.48
	0.27
	0.55
	0.57
	−0.51
	−0.21
	−0.32
	−0.25



	Sandanski
	−0.58
	−0.10
	0.18
	0.59
	0.34
	0.66
	0.62
	−0.42
	−0.09
	−0.24
	−0.16



	Kjustendil
	−0.53
	−0.01
	0.18
	0.56
	0.32
	0.63
	0.64
	−0.31
	−0.10
	−0.21
	−0.11



	Musala
	−0.53
	−0.04
	0.08
	0.53
	0.31
	0.65
	0.65
	−0.47
	−0.20
	−0.22
	−0.15



	Murgash
	−0.56
	−0.10
	0.12
	0.60
	0.38
	0.66
	0.68
	−0.44
	−0.19
	−0.29
	−0.18



	Sofia
	−0.57
	−0.17
	0.15
	0.54
	0.29
	0.58
	0.66
	−0.52
	−0.24
	−0.43
	−0.23



	Nis
	−0.56
	−0.10
	0.12
	0.56
	0.31
	0.55
	0.69
	−0.42
	−0.14
	−0.36
	−0.21










 





Table 5. Years in which the number of days with type A4 and the temperature both exceed the 90th percentile threshold or are below the 10th percentile in the period (1961–2020) for the whole summer season and separately for June, July, and August. (t)—seasonal or monthly temperature; (n)—number of days with type A4.
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Summer

	
VI

	
VII

	
VIII

	
Station

	
Summer

	
VI

	
VII

	
VIII




	
(t,n) ≤ p10

	
(t,n) ≤ p10

	
(t,n) ≤ p10

	
(t,n) ≤ p10

	
Type A4

	
(t,n) ≥ 90p

	
(t,n) ≥ 90p

	
(t,n) ≥ 90p

	
(t,n) ≥ 90p






	
1969, 1976

	
1976, 1989

	
1969, 1971

	
1976

	
Vidin

	
2007, 2012

	
2003, 2007, 2012

	
1987, 2007, 2012

	
1992




	
1969, 1976

	
1976, 1989

	
1969, 1971, 1981

	
1976

	
Pleven

	
2007, 2012

	
2003, 2007, 2012

	
1987, 2007, 2012

	
1992, 2000, 2008




	
1969, 1976

	
1976, 1989

	
1969, 1971, 1981

	
1976, 1997

	
Razgrad

	
2007, 2000, 2012

	
2003, 2007, 2012

	
2007, 2012

	
1992, 2008




	
1969, 1976

	
1976, 1989

	
1969, 1971, 1981

	
1976

	
Calarasi

	
2007, 2012

	
2003, 2007, 2012

	
2007, 2012

	
1992




	
1976

	
1989

	

	
1976, 1997

	
Varna

	
2007, 2012

	
2003, 2007, 2012

	
2007, 2012

	




	
1976

	
1989

	
1969, 1971

	
1976

	
Burgas

	
2007, 2012

	
2003, 2007, 2012

	
2007, 2012

	




	
1976

	
1976, 1989

	
1969, 1971

	
1976, 1997

	
Sliven

	
2007, 2012

	
2003, 2007, 2012

	
2007, 2012

	
2008




	
1976

	
1989

	
1969, 1971

	
1976, 1997

	
Kardzhali

	
2007, 2012

	
2003, 2007, 2012

	
2007, 2012

	
1992




	
1969, 1976

	
1976, 1989

	
1969, 1971

	
1976

	
Plovdiv

	
2007, 2012

	
2003, 2007, 2012

	
2007, 2012

	
1992




	
1969, 1976

	
1976, 1989

	
1969, 1971

	
1976, 1997

	
Sandanski

	
2007, 2008, 2012

	
2003, 2007, 2012

	
1987, 2007, 2012

	
1992, 2008




	
1969, 1976

	
1976, 1989

	
1969, 1971, 1981

	
1976, 1997

	
Kjustendil

	
2007, 2012

	
2003, 2007, 2012

	
1987, 2007, 2012

	
1963, 2000




	
1969, 1976

	
1976, 1989

	
1969, 1971

	
1976, 1997

	
Musala

	
2007, 2012

	
2003, 2007, 2012

	
1987, 2007, 2012

	
1992,2 008




	
1969, 1976

	
1976, 1989

	
1969, 1971, 1981

	
1976, 1997

	
Murgash

	
2007, 2012

	
2003, 2007, 2012

	
1987, 2007, 2012

	
1992, 2000




	
1969, 1976

	
1976, 1989

	
1969, 1971, 1981

	
1976

	
Sofia

	
2007, 2012

	
2003, 2007, 2012

	
1987, 2007, 2012

	
1992, 2000, 2008




	
1969, 1976

	
1976, 1989

	
1969, 1971

	
1976, 1997

	
Nis

	
2007, 2008, 2012

	
2003, 2007, 2012

	
1987, 2007, 2012

	
1992, 2000











 





Table 6. Years in which the number of days with type A5 exceeds the 90th percentile threshold and the temperature is below the 10th percentile in the period (1961–2020) for the whole summer season for extremely cold years and the opposite for extremely warm years. (t)—seasonal temperature; (n)—number of days with type A5.
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Summer

	
Station

	
Summer




	
t ≤ p10; n ≥ 90p

	
Type A5

	
t ≥ 90p; n ≤ p10






	
1968, 1969

	
Vidin

	
2003, 2012




	
1969

	
Pleven

	
2003, 2012




	
1969

	
Razgrad

	
2003, 2012




	
1969

	
Calarasi

	
2003, 2012, 2019




	

	
Varna

	
2012, 2019




	
1974

	
Burgas

	
2003, 2012, 2019




	

	
Sliven

	
2003, 2012




	

	
Kardzhali

	
2003, 2012




	
1969

	
Plovdiv

	
1998, 2003, 2012




	
1969

	
Sandanski

	
2012




	
1969

	
Kjustendil

	
2012, 2015, 2019




	
1969, 1974

	
Musala

	
2012, 2019




	
1969

	
Murgash

	
2003, 2012, 2019




	
1969

	
Sofia

	
2003, 2012, 2019




	
1969

	
Nis

	
2003, 2012, 2019
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