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Abstract

:

The Balkan Peninsula is a geographical region under various large-scale climatic influences, one of the most significant being the Mediterranean Sea in the southwest and the continent in the northeast. The novelty of this study is that the border between the zones with prevailing maritime or continental climate conditions is clearly identified by the month with the highest precipitation during the year. We use the gridded data product TS_4.06 of the Climatic Research Unit for monthly precipitation to identify the timing of the maximum rainfall at different locations. The grid boxes with highest precipitation in the cold part of the year (October to March) are considered to be under prevailing Mediterranean influences and, on the contrary, the ones with the highest precipitation are in the warm part of the year (April to September); these are climates with prevailing continental characteristics. In general, this border separates the zones with Cs and Dw types of climates. Its spatial variability at a decadal time-scale is discussed for the period from 1901–2021 and a general weakening of the Mediterranean influence over the Balkan Peninsula is found. However, for the last three decades, from 1991–2021, the tendency is the opposite. A periodicity of ~20 years is identified, suggesting that during the decade of 2020–2030, the Mediterranean influence in this region will dominate.
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1. Introduction


The Balkan Peninsula is located in southeastern Europe in the area approximately closed between 15–30° E and 35–45° N. From a climatological point of view, this area lies in the transition between temperate and subtropical climatic zones; thus, the climate in the northern inland parts is classified as continental temperate, and the southern coastal parts are classified as maritime subtropical. According to the Köppen–Geiger climate classification, the two major climate classes are referred to as Cs and Dw [1,2].



There are two significant factors forming the precipitation regime in the Balkan Peninsula: the Mediterranean Sea’s influence, which is characterized by intense cyclonic activity and precipitation during winter (due to the seasonally enhanced Mediterranean depression in winter) and dry weather in summer; and, on the other hand, the Eurasian continental influence, leading to more rain in the warm part of the year (due to northern polar climatic front displacement and thermal convection) and cold stable conditions with less precipitation in winter.



However, the weight of these two factors varies over time; thus, the border between areas with Cs and Dw types of climate may experience significant spatial displacement. Located at the transition zone between these major climate classes, many locations will occasionally pass from a regime with highest precipitation in spring–summer to a regime with mostly rainfall (and snowfall) in autumn–winter. These are two very different seasonal variations and could impact the weather, agricultural activities, tourism, transport, and energy infrastructures in different manners. The objective of this paper is to analyze the fluctuations of this transition zone and to find regularities or long-term periods.



Most of the published studies of the precipitation in this region analyze the trends and variability in the annual amount of rainfall or extreme precipitation events [3,4,5,6,7,8,9,10,11,12,13,14]. In this work, we follow a different approach by investigating variations in the months when the highest and lowest monthly amount of precipitation is observed.



Figure 1 shows the geographical position of the Balkans, and the typical seasonal variations of precipitation are shown on the superimposed climographs of some of the largest cities with long records of observation: Bucharest, Belgrade, Sofia, Skopje, Sarajevo, Tirana, and Athens. The climographs are taken from the website www.weather-and-climate.com (accessed on 1 March 2023); they are based on the European Center for Medium-Range Weather Forecast products and refer to the period from 1991–2020.



It is seen that the month of highest precipitation varies across the Peninsula: for the locations near the Mediterranean Sea, it is late autumn–winter (November and December in Athens, Skopje, and Tirana); for the locations inland, it is during summer (June and July in Sofia, Belgrade, and Bucharest). There are also transition areas where the precipitation shows double concurrent maxima, both in summer and winter (such as Sarajevo, for example). On the other end is the month of lowest precipitation, which is very characteristic for the Mediterranean type of climate—a distinct minimum in summer months. Such a pronounced feature can be observed in the climographs of Athens and Tirana, but in other locations, the month of minimum precipitation varies and cannot be attributed to a concrete season.



Thus, it appears that the month with the highest precipitation could be used to define the extent of the Mediterranean Sea’s influence over the Balkans, and e.g., to distinguish between the areas with Cs and Dw types of climate. It is clear that the zones of winter and summer maximum of precipitation vary from year to year; this is indicative of the spread of the Mediterranean influence inland due to the Mediterranean cyclones’ intensity and trajectories. Most studies of the precipitation regime analyze the variability of the annual or seasonal amount of precipitation. We take a different approach focusing on the distribution of precipitation during the year; we use the month of maximal precipitation at different locations as an indicator of the penetration of Mediterranean influence toward the inland parts of the peninsula. Our analysis suggests that this border varies significantly from year to year; nevertheless, one can identify relatively long periods with broader and larger Mediterranean influence on the Balkans.



We complement this analysis with the annual temperature seasonal amplitude (the difference of the monthly mean temperature in the warmest and coldest months). This is known as Continentality Index (CI) and it is a good measure of the climate continentality: the larger the seasonal amplitude, the more continental the climate. In principle, in periods of intensified Mediterranean Sea influence, the seasonal amplitude of the temperature should decrease.



The maritime or continental characteristics are determined to a large extent by the general atmosphere circulation; thus, the role of the main climate centers of action in the region should also be considered.




2. Data Used in the Study


The main source of data used in this study is the Climatic Research Unit at the University of East Anglia (CRU) data product TS_4.06 [23]. It presents gridded data for the monthly mean 2 m air temperature and monthly precipitation for the period from January 1901–December 2021 globally on land with spatial resolution of 0.5°. From this global dataset, the data over the Balkan Peninsula are extracted (the land–sea mask of the used grid points is shown in Figure 2).



We validated the CRU TS.4.06 data product for the area of Bulgaria for the period from 1961–1990 using measurements from 135 stations in Bulgaria, provided by the Bulgarian National Institute of Meteorology and Hydrology (NIMH). These observation data are described in more detail in [24,25]. It was found that CRU data represent well the interannual variability of temperature and precipitation in Bulgaria, estimating the Pearson correlation coefficient between area mean annual temperature, annual sum of precipitation, and seasonal amplitude from both datasets to 0.96, 0.95, and 0.98, respectively. Similar comparisons have been performed by other authors in other regions [5,23]. Consequently, our conclusion is that these data are reliable for long-term analysis.



In order to identify the influence of the large-scale atmosphere circulation, we have used five general circulation indices. The data for the North Atlantic Oscillation (NAO) index, the Mediterranean Oscillation (MO) index, and the North Sea–Caspian Pattern (NSCP) are taken from the Climatic Research Unit of the University of East England [26]. The data for the Atlantic Multidecadal Oscillation (AMO) and the Scandinavian Pattern (SCA) are taken from the Physical Sciences Laboratory of the US National Oceanic and Atmospheric Administration [27].




3. Results


3.1. Averaged Maps of the Precipitation and CI for the Period of 1901–2021


The averaged maps of the considered climate variables for the whole period of 1901–2021 are given in Figure 3 together with the surface elevation in order to check the orography influence. The annual sum of precipitation (Figure 3b) is highest over the Adriatic coast (>1000 mm/year) where the Dinar–Pindus Mountain chain favors the orography rainfall. Less precipitation is observed over northeastern parts in Dobrudza region and southeastern Greece (<400 mm/year). The annual amplitude of temperature (Figure 3b) is maximal in the inner northern parts and minimal over the Mediterranean coast, which reflects the tendency toward maritime or continental conditions.



The next figure presents the characteristics of the seasonal variations in precipitation: the month of highest monthly precipitation (Figure 4a) and the lowest (Figure 4b). The months are indexed as they go in the year (1-January, 2-February, etc.). It is impressive to see the very clear border between zones where the rain is predominantly in the warm part of the year, and, respectively, in the cold part. The warm part is taken as the period between April and September, and the cold part is taken as the period between October and March. This border separates the Balkan Peninsula in two parts: southern with maximal precipitation during the year in late autumn–winter (10, 11, 12, 1, e.g., October, November, December, and January), and northern with maximal precipitation in spring–summer (5, 6, 7, 8, e.g., May, June, July, and August).



As for the month with minimal precipitation (Figure 4b), the border between zones with minimal precipitation in the warm and cold part of the year is similar to the one in Figure 4a. The south part presents the typical Mediterranean feature of minimum precipitation in the July, August, and September period (the numbers 7, 8, 9), and, on the contrary, in the northern part the least rain occurs during the months of January, February, and March (the numbers 1, 2, 3).



Basically, from these maps, the border between the zones with Cs and Dw types of climate in the Koppen–Geiger classification is well identified.



It is interesting to also analyze the amount of rain in the months of highest and lowest precipitation (Figure 4c,d). On the western coast, it rains significantly during the whole year (e.g., 200 vs. 100 mm/month for max and min value). The south of Greece is very dry in summer [28]; the region is known for a great number of wildfires in this part of the year [29].



The conclusion of this plot is that one can measure approximately the spatial extent of the Mediterranean Sea influence on the Balkan Peninsula by the time of the most precipitation in the year at different locations. The opposite characteristic, the month of minimum monthly precipitation, appears to be not so effective for this purpose, as it is much more variable and not a stable estimate.



However, the border of highest winter and summer precipitation varies significantly from year to year, and our aim is to estimate its spatial variability. As an example, we show in Figure 5 two years with very different patterns, 1985 and 2014.



Both plots in Figure 5 present different positions of the zones with winter and summer maximum monthly precipitation. This border in 2014 is located more south than in 1985. One could conclude that in 1985, the Mediterranean influence was extended almost everywhere over the Balkans, and, on the contrary, in 2014 the continental influence was dominating.




3.2. Time Series of the Averaged Region Characteristics for the Period from 1901–2021


The aim of this paper is to investigate and find periodicity in the Mediterranean influence over the Balkan Peninsula climate; we will thus search for repeating patterns in the long-term series of the area mean estimates. We calculate the annual mean variables for each individual year and show the time series in Figure 6. For completeness, we have analyzed all available variables: annual mean 2 m temperature, the annual sum of precipitation, the temperature of the warmest and coldest months, the seasonal amplitude of temperature, the highest and lowest monthly precipitation, and the areas of winter maximum and summer minimum of precipitation. The most useful variables to indicate if the climate tends toward maritime or continental type are the seasonal temperature amplitude (Continentality Index) and the areas of winter maximum of the monthly precipitation.



Looking at the plots, there is obviously high and low frequency signal. In order to find decadal trends, we calculate the moving average with a window of nine years (shown with a red curve on the plots). This is performed to suppress the shorter period’s oscillations and to leave the signal of decadal scale. Then, we will be interested in the periodicity of these averaged time series.



The constructed time series are analyzed to detect linear trend and periodicity. In order to estimate the rate of linear tendencies and its significance, we use the Sen Slope estimator and the Mann–Kendall test. The statistical tests were carried out using the software R-3.6.0 and the R package Modifiedmk [30]. The periods are estimated from the spectral periodogram of the same software. The findings are summarized in Table 1. More details on the calculation of the linear trend and the spectral periodograms are given in the Supplementary Material Table S1 and Figure S1.



The first plot is the annual mean surface air temperature (Figure 6A) and the nine-year average is rather stable over time, constantly increasing in the last three decades. The results confirm the warming trend accelerating in the latest 30-year period, reported by other studies for Europe and for the region [3,6]. The stable average value indicates that the chosen moving average is reliable and could also be used for the other variables.



The annual sum of precipitation averaged for the area (Figure 6B) shows minima in the 1950s and 1990s of the last century and, since then, is generally increasing. The tendency for more rainfall in this region is even more evident in the last three decades. However, the estimated trend is not statistically significant at a confidence level of 95%. Other studies of the precipitation trend in the Mediterranean show a tendency for decrease in the annual precipitation in the majority of the Mediterranean regions (for example [3,5]). For most of Serbia [13], a positive trend was found in the annual precipitation.



The seasonal temperature amplitude (the difference between the warmest and the coldest months) is shown in Figure 6C. A general linear tendency could not be noted, either for the whole period from 1901–2021 or for the period from 1991–2021. However, a clear oscillation is seen with a period of about 20 years after the local maximum in the beginning of 21st century, and it is followed by relatively lower values since 2010. The plots in Figure 6D,E suggest that this periodicity results from a variation in the temperature of the coldest month as the temperature of the warmest month is increasing stably.



An interesting conclusion could be derived from Figure 6F,G, which gives the monthly precipitation in the months of lowest and highest rainfall. The monthly maximum precipitation varies with almost no trend for the whole period but increases in the last three decades. The monthly minimum precipitation varies over a period of ~20 years with low values in 2015. Compared to the plot of the annual sum in Figure 6B, one could speculate that the periodicity of variation is given by the minimum precipitation, and the latest decades’ increasing trend comes from the increase in the maximum monthly precipitation.



In the last two plots, we show for each individual year the calculated area of grid boxes with winter maximum (Figure 6H) and summer minimum (Figure 6I) of precipitation; we denote “winter” as the cold half of the year, e.g., the months of October to March, and “summer” as the warm half, the months of April to September. This would be indicative of the extent of the Mediterranean Sea influence over the peninsula. Both plots show general weakening (negative linear trend) of this influence for the period of 1901–2021 but an increase (positive linear trend) for the last three decades. However, we have to admit that the linear tendency is not statistically significant at a confidence level of 95%. The spectral periodogram reveals a period of about 20 years, with peaks of Mediterranean influence penetration over the Balkans in 1905, 1920, 1945, 1965, 1985, and 2005. On the contrary, the peninsula was under more intense continental influence in 1910, 1930, 1955, 1975, and 1995. Such a periodicity is found in the seasonal amplitude, the temperature of the coldest month, the annual precipitation, and the minimal monthly precipitation. It is a complex measure of the general circulation regimes in the region and integrates the influence of the main climate centers of action. A conclusion could be made that the decade from 2020–2030 will be marked by more maritime characteristics of the climate conditions in the region.




3.3. Relation to Global Circulation


A question regarding the origin of the found periodicity arises. The precipitation regime and the maritime and continental influences are determined by the atmosphere general circulation and the climate centers of action. In this region, it rains mainly due to the passing cyclones of North Atlantic and Mediterranean origin, as well as the thermal convection in summer. The topography of the region is variable; many mountains are present, and thus orographic rains are also favored.



We have tried to relate the time series shown in Figure 6 with several indices of the global circulation known to have significant impacts on the temperature and precipitation in the Balkans [31,32,33,34]—North Atlantic Oscillation, Mediterranean Oscillation, Scandinavian Pattern, and North Sea–Caspian Pattern, but the results are not convincing. References [35,36,37,38] found that the precipitation in the Mediterranean region is affected by the Atlantic Multidecadal Oscillation (AMO); however, we could not find a clear correlation with the AMO index.



The results from the performed cross-correlation analysis are summarized in Table 2. According to the coefficients, the annual precipitation is related to the Mediterranean Oscillation. It is seen that NSCP is related to some extent to the areas with winter maximum and summer minimum of precipitation. However, the found correlations could be considered weak to moderate.





4. Discussions and Conclusions


In this study, a new approach to analyze the influence of the Mediterranean Sea on the Balkan Peninsula climate is taken, focusing on the monthly precipitation distribution during the year. The data for the monthly precipitation come from the Climatic Research Unit product TS_4.06 and cover the period from 1901–2021.



The Balkan Peninsula is a geographic region on the transition between two large climatic zones (subtropical and temperate types, or Cs and Dw according to the Köppen–Geiger climate classification). It is impacted by the Mediterranean Sea in the southwest direction and the continent of Eurasia in the northeastern direction. We apply a method that shows rather precisely the border between the zones under domination of these two large-scale climate influences. The identification of the month when the monthly precipitation is highest in different locations clearly indicates the border position. The locations with highest precipitation in late autumn–winter (October to January) are considered to have a prevailingly maritime type of climate, and the ones with late spring–summer highest precipitation (May to July) are considered to have a prevailingly continental type of climate. This is a novel approach and, to our knowledge, the first of its kind in this region.



The found boundary could be regarded as the border between the two major types of climate in the Köppen–Geiger classification, Cs and Dw. It experiences significant spatial displacement, suggesting that the climate variations and the climate change also affect the climate type in some locations in the transition areas on the borders between the main climatic zones.



The constructed time series of areas with winter or summer maximum precipitation for each year of the record is a measure for the spatial penetration of the Mediterranean Sea influence over the Balkan Peninsula. We smooth the time series by a moving average with a window of nine years in order to identify variations and trends of decadal scale. Analyzing the obtained time series, it is found that the Mediterranean influence for the whole period of 1901–2021 generally weakens, but in the latest three decades it is increasing. However, the linear trend is not statistically significant at a confidence level of 95%. The reason could be that the chosen area and period are insufficient to describe the occurring process. An interesting study [39] analyzed paleo archives data in order to understand the influence of the Mediterranean climate on southeastern Europe during the past 350,000 years. The authors observed a general weakening of the Mediterranean climate influence with time. Nevertheless, the investigation methods and time-scale of that analysis are very different from this study. Our aim is to identify general trends and variations at a decadal scale.



A periodicity of ~20 years is found, suggesting that the decade from 2020–2030 will be characterized by a peak of Mediterranean influence: more intense winter precipitation and relatively colder winters, contrary to the decades of 2000–2020, characterized by more intense summer precipitation and mild winters.



Our attempt to relate the obtained time series to indices of the general circulation know to have an impact in the region (North Atlantic Oscillation, Mediterranean Oscillation, Atlantic Multidecadal Oscillation, Scandinavian Pattern, and North Sea–Caspian Pattern) identified weak to moderate correlations for some variables and indices. It showed that precipitation is influenced by the Mediterranean Oscillation and the North Sea–Caspian Pattern; thus, in our opinion, the matter requires more efforts and consideration intended for future work.



Nevertheless, these findings could support the planning of energetics, agriculture, tourism, and transport in the region. More pronounced Mediterranean influence could mean more intense winter precipitation which, over most of the Balkans, is predominantly snow, causing great problems for human activities and infrastructures; summer, on the other hand, would be dry and hot. More pronounced continental influence would mean summer with more intense precipitation, which is essential for plant growth and crop yield. As such, predicting such periods is important for agricultural activities; on the other hand, the winter would be colder with enhanced probability of freeze.
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Figure 1. Balkan Peninsula location and climographs of Bucharest, Sofia, Belgrade, Athens, Tirana, Skopje, and Sarajevo (from [15,16,17,18,19,20,21,22]). 
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Figure 2. Land–sea mask of the grid points covering the Balkan Peninsula in the product CRU TS_4.06. 
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Figure 3. (a) Topography of the considered region; (b) Annual precipitation for the period from 1901–2021; (c) Difference between the monthly mean temperature of the warmest and the coldest months. 
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Figure 4. Maps of averaged characteristics for the whole period of 1901–2021: (a) The month of highest monthly precipitation; (b) The month of lowest monthly precipitation; (c) Monthly highest precipitation [mm/month] for the respective month; (d) Monthly lowest precipitation [mm/month] for the respective month. 
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Figure 5. (a) The month of highest monthly precipitation in 1985; (b) The month of highest monthly precipitation in 2014. 
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Figure 6. Time series for the period of 1901-2021 of the area averaged: (A) Annual mean temperature; (B) Annual precipitation; (C) seasonal temperature amplitude; (D) warmest month temperature; (E) coldest month temperature; (F) monthly highest precipitation; (G) monthly lowest precipitation; (H) area with maximum precipitation in the cold part of the year (October to March); (I) area with minimum precipitation in the warm part of the year (April to September). In the plots, the grey curve is the variable, the red curve is the moving average with a 9-year window, and the dotted grey line is the linear trend of the variable; in addition, the latest period of 1991-2021 is given with a blue curve and its trend as blue line. 
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Table 1. Summary of the time series main characteristics for the 9 variables presented in Figure 6. The bold values present statistically significant trends at confidence level 95%. More details on the calculated linear trend and the spectral periodograms are given in the Supplementary Material Table S1 and Figure S1.
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	Variable
	Linear Trend 1901–2021
	Linear Trend 1991–2021
	Periodicity





	Annual mean temperature
	positive

0.01 °/year
	positive

0.06 °/year
	-



	Annual precipitation
	negative

−0.16 mm/month.year
	positive

3 mm/month.year
	~20 years



	Seasonal temperature amplitude
	no
	no
	~20 years



	Warmest month temperature
	positive

0.014 °/year
	positive

0.05 °/year
	-



	Coldest month temperature
	positive

0.015 °/year
	positive

0.06 °/year
	~20 years



	Monthly maximal precipitation
	no


	positive

0.18 mm/month.year
	-



	Monthly minimal precipitation
	negative

−0.04 mm/month.year
	positive

0.05 mm/month.year
	~20 years



	Area of winter precipitation maximum
	negative

−539 km2/year
	positive

3298 km2/year
	~20 years



	Area of summer precipitation minimum
	negative

−529 km2/year
	positive

1721 km2/year
	-
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Table 2. Cross-correlation coefficients between the variables from Figure 6 and North Atlantic Oscillation index (NAO), Mediterranean Oscillation index (MO), Scandinavian Pattern (SCA), North Sea–Caspian Pattern (NSCP), and Atlantic Multidecadal Oscillation unsmoothed (AMO). Only the values above 0.2 are considered.
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	Variable/Index
	NAO
	MO
	SCA
	NSCP
	AMO





	Annual mean temperature
	0.24
	
	
	
	



	Annual precipitation
	−0.26
	−0.53
	0.24
	−0.26
	



	Seasonal temperature amplitude
	
	
	
	
	



	Warmest month temperature
	
	
	
	
	



	Coldest month temperature
	0.2
	
	
	
	



	Monthly maximal precipitation
	
	
	
	
	



	Monthly minimal precipitation
	−0.21
	−0.38
	
	−0.29
	



	Area of winter precipitation maximum
	
	
	
	−0.33
	



	Area of summer precipitation minimum
	−0.2
	−0.28
	
	−0.48
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