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Abstract

:

Considering recent weather events in Serbia (especially the floods in 2014), a need has arisen for research that would help in identifying extreme weather phenomena. Therefore, the aim of this paper is to determine the thresholds above which intense precipitation can be considered as extreme precipitation events in Serbia. In this study, we determined the frequency of precipitation occurring at an intensity above the threshold of an extreme phenomenon (1961–2015), as well as the frequency of precipitation occurring at or above the absolute daily maximum in the reference period (1961–1990). The study sample included daily rainfall observations from 28 stations from the national meteorological network in Serbia. Applying a decile method, all the stations recording precipitation above the threshold of dangerous phenomena on the same day are classified into the corresponding decile. The threshold value was determined as the average value of the extreme annual precipitation in the analyzed period. The cases that are due to the high prevalence listed in the last decile are considered extreme. The results showed that the critical number of observation points above which an event is considered extreme precipitation event is 6.21, and a warning of the danger could be ensured only in the case of neighboring stations in the network. The threshold of extreme precipitation events for the individual stations ranges up to 130 mm. The obtained results might be used to mitigate the effects of extreme precipitation events in Serbia in the future.






Keywords:


extreme precipitation; threshold; Serbia












1. Introduction


In order to predict extreme weather events, it is essential to know the thresholds of unfavorable weather phenomena. Many studies have been carried out regarding the impact of these weather phenomena upon different aspects of the environment and human activity within modern climate changes [1,2,3,4,5,6,7,8]. These studies suggest that climate change has a tendency to increase the frequency of extreme precipitation, thus causing natural hazards. Serbia and surrounding countries, due to extreme precipitation, suffer particular damage from floods, especially within the Danube River Basin and sub-basins of the Sava, Morava, Kolubara, and Nišava rivers [9,10,11,12,13].



Floods and fluvial erosion are serious threats to many economic activities [14,15,16]. The biggest flood in Serbia and the surrounding regions since the second half of the 20th century occurred in 2014. In the period from 14 to 18 May, more than 300 L/m2 of rainfall was observed locally. It was estimated that the total damage was 1.525 million Euros [17]. Additionally, floods occurred in the two following years, causing natural disasters in certain regions of Serbia. It is assumed that during these events, the thresholds of extreme precipitation were significantly exceeded.



Different studies have investigated precipitation extremes in Europe [18,19,20]. Their results have shown that the frequency of heavy rainfall has generally increased [21,22,23,24,25,26]. Specifically, the analysis of rainfall and extremes in Serbia has been the subject of several studies. Gocić and Trajković [27,28] found an increasing trend for the mean annual precipitation in most of the area. Luković et al. [29] analyzed the rainfall trend in Serbia and its spatial pattern annually, seasonally, and monthly. They detected very slight tendencies towards drier conditions on a seasonal scale during spring, and wetter conditions during autumn. The results of Milanović-Milićević et al. [30] showed that the amount and intensity of precipitation showed a statistically significant increase only during autumn, and this was most pronounced in the northern and western parts of the country. The variability of precipitation and extreme events was investigated by Tošić and Unkašević [31]. They studied only extreme daily precipitation and its link with the prevailing directions of the air trajectories at Belgrade. Milanović et al. [32] carried out an analysis of extreme climatic indices for just two stations, one in Belgrade and the other in Niš. Additionally, Tošić et al. [33] studied two exceptional cases of extreme precipitation in Serbia in 2014. The study by Milanović-Milićević et al. [30] on recent changes in Serbian climate extreme indices showed that the most pronounced increase in the daily amount of precipitation and short-term precipitation intensity was recorded in the north and the west of the country.



The aim of this paper is to determine the thresholds above which precipitation could be considered as a dangerous. According to the Global Change Glossary from the U.S. Global Change Research Program [34], extreme precipitation events are defined as: “An episode of abnormally high rain or snow”. Furthermore, “The definition of “extreme” is a statistical concept that varies depending on location, season, and length of the historical record”. In this study, such events are considered at daily levels. They are divided according to statistical criteria into two hazard categories (danger levels): heavy precipitation events, and very heavy precipitation events. The first type of event is a minor hazard, and the second causes significant hazards in the environment (this work can be the basis for research regarding adaption, vulnerability and resilience). However, the real consequences depend mainly on the readiness of society to protect themselves against the threats. Some categorizations of extreme precipitation events in Serbia have been made by Radinović and Maksimović [35], as well as Anđelković [36], to a limited extent. This study represents an addition to the previous studies of extreme weather conditions, with the aim of better understanding the impacts of climate change in Serbia.




2. Materials and Methods


2.1. Study Area and Data


Serbia is located in southern Europe between 41°43′ N and 46°11′ N, and 18°49′ E and 23°00′ Е. The geographical position of Serbia in Europe is shown in Figure 1. The study area is within the territory of Serbia, and is 88.361 km2. Altitudes in Serbia vary in elevation from 28 m in the north-eastern parts of the country at the mouth of the Veliki Timok River to the Danube River near the borders between Bulgaria and Romania, up to 2656 m at the Prokletije Mountains [37]. The mean altitude is 473 m. The northern part of the country is entirely located within the Pannonian Plain. The Dinaric Alps run through the western and south-western regions, and the Carpathians, Balkans, and Rhodope Mountains occupy the eastern and south-eastern regions.



There are three main types of climate in Serbia. A typical continental climate characterizes the northern parts of the country. A moderate continental climate occurs in the largest part of the territory (central, western, eastern, and southern parts of the country), while the south and southwestern regions of the country are subjected to Mediterranean influences with a modified Mediterranean climate [38,39]. The average annual amount of precipitation for the entire country is 739 mm [40]. Most of the terrain is exposed to the penetration of moist air masses from the west. The annual precipitation varies throughout the Serbian region as a consequence of the climatic and relief heterogeneity of the study area (Figure 2). An average annual precipitation of 500–700 mm is characteristic of Vojvodina (the Northern Province of Serbia) and smaller parts of the Južna and Velika Morava valleys. Precipitation of 700–1000 mm is characteristic of central Serbia and parts of the lower mountain terrains of eastern, southern, and southeastern Serbia. An average annual precipitation amount of 1000–1200 mm mainly characterizes the westernmost and the furthest southwestern mountainous parts of the country. The highest amount of rainfall occurs in southwestern mountains of Serbia, with the average amount exceeding 1300 mm [41]. The precipitation regime is continental across almost the whole country, with two maxima (the primary in May or June and the secondary in November or December), and two minima (the primary in January or February and the secondary in September or October) [39]. The spatial distribution of precipitation in June and February, as the rainiest and the driest months of the year respectively, is very similar to the annual spatial distribution. The precipitation ranges from 60–140 mm in June, and from 30–100 mm in February, for the largest part of Serbia [41].



Daily rainfall observations from 28 stations from the national Met office were used (Table 1) [42]. The network includes stations that are evenly distributed throughout the country, excluding Kosovo and Metohija (for which data were not available). The period analyzed is 1961–2015. The sequences of daily precipitation from all stations were analyzed monthly; the series of data of each month were created over 55 years. Such classification has been carried out due to the fact that the rainfall regime in Serbia has the tendency to change month by month.



Severe precipitation is always extremely difficult to differentiate in a small area, and even at some nearby areas with different geographical characteristics, different values could occur. Hence, our analysis has been carried out in five administrative-geographical regions (Table 1): Northern Serbia (seven meteorological stations), Central Serbia (seven meteorological stations), Western Serbia (five meteorological stations), Eastern Serbia (four meteorological stations) and South-eastern Serbia (five meteorological stations).




2.2. Methods


The daily maximum of precipitation is a parameter with no Gaussian distribution [2,6,43,44]. Two methods are used for analysis: the method of peaks over threshold (POT), and the decile method (D) [6,43,44]. These two statistical methods were used in this study for calculating the thresholds of extreme intensity of precipitation.



For calculating thresholds of heavy precipitation events at single stations, the method of peaks was used. This is a model of interrupted distribution, and is also known as a method of partial duration series. Here, the value of the threshold was defined as the average value (arithmetic mean) of maximal daily precipitation (Mi) for each year (i) during n years (55 years in this case) of the analyzed climate period of 1961–2015.




    φ P  =  1 n    ∑  i = 1  n    φ  M i       



(1)





This method enables the analysis of three basic characteristics of extreme precipitation: maximum daily precipitation, the number of peaks (observed values above the threshold), and the height of peaks.



Also, an autocorrelation test of the MDP (Maximum Daily Precipitation) series was performed using the Neyman test squares of successive differences, and the Anderson autocorrelation test of the first order [45,46]. The results show that almost all MDP series do not have autocorrelation. The exception is the series for Požega and Vranje, because in both sets of Neyman and Anderson tests, they show values greater than critical (1.96): Požega 1.99785 (Neyman test), 1.962725 (Anderson test) and Vranje 2.64182 (Neyman test), 2.62251 (Anderson test). Additionally, in Novi Sad the Neyman test showed that the series is not random (2.26224).



The non-parametric Mann-Kendall (MK) test was applied to detect and evaluate the statistical significance of maximum daily precipitation trends, while Sen’s method was used for assessing slope trends [47,48]. To detect the changing point (transition year), the Pettitt test was applied [49]. The confidence level (α) of the Pettitt test in this study was set to 0.05, which is a common value.



For analyzing very heavy precipitation events, the starting point is the fact that heavy precipitation distributed over a huge territory can give rise to harmful consequences, based on spatial criterion. For the distribution of the frequency of points of the observation network (synoptic stations), which describes the distribution of precipitation, the decile method was used [6,43,50]. This method was used for studying extreme precipitation throughout the entire territory of Serbia, and for defining the size of the territory as the threshold for a very heavy precipitation event. Deciles (Dx) were derived when the members of the population were distributed into ten equal parts (x), per 10% of the total number of members (N), in which LD is a low level of decile class, fk is the cumulative frequency of the class preceding the decile class, and fa is the frequency of the decile class.




    D x  =  L  D x   +    N  10   −  f k     f a      



(2)





The area included in the frequency curve was divided into ten equal parts. Each scope defines a 10% probability of the observed event occurring. As can be seen from Table 2, the last (tenth) decile includes extreme events that belong to the category of extraordinary above normal [50].



The procedure was carried so that the number of stations in which the observed precipitation on the same day was above the threshold of a heavy precipitation event (already defined by the method of peaks) were classified into appropriate deciles; the higher the decile, the bigger the distribution of the phenomena. Very heavy precipitation events represent extreme precipitation that was, according to the territorial distribution, classified into the last decile (extraordinary above normal).



Finally, the analysis of the length of the interval between extremes was carried out. These are extremes that, if they occur on the same day, produce very heavy precipitation events. The periods are several years long between two thresholds that were both exceeded, as defined by the method of peaks. Additionally, the length of the interval between two such events was analyzed in each monthly sequence. Out of 336 analyzed sequences of data, we singled out only the sequences in which the thresholds of extreme precipitation were exceeded two or three times. Our research was carried out in this way due to the fact that it is possible to compare at least two inter-periods.



Apart from spatial criterion, the criterion for detection of precipitation that can cause the highest level of harmful effects at only one place was also analyzed. These events are also considered as heavy precipitation events, but registered only at single stations. We analyzed situations in which daily precipitation was higher than the absolute daily maximum. In order to study these extremes for each station, the sub-period 1990–2015 was analyzed in relation to normal of 1961–1990.





3. Results and Discussion


3.1. Spatial Analysis of Maximum Daily Precipitation (MDP)


Maximal daily precipitation in Serbia, was first analyzed. The results showed that daily precipitation maxima appear mostly in May, June, and July. Table 3 shows that the territories of Northern Serbia and Central Serbia are primarily at risk of extreme precipitation. Out of five observed regions, only in Western Serbia and Eastern Serbia did the absolute maximum not appear in July, but in September; this is due to the continental precipitation regime. The highest value of measured daily precipitation of 189.7 mm was registered in Vršac on 18 July 1995, and is considered as the upper limit of extreme precipitation.



Extreme precipitation that exceeded previous records affected southeastern Europe, including Serbia, in May and September 2014. Precipitation exceeded 200 mm in 72 h, producing the most catastrophic floods in the recent history of Serbia [33]. In May 2014, the Balkans was hit by a Vb-type cyclone that brought disastrous flooding and severe damage to Serbia. The maximum daily precipitation (MDP) for 2014 was the highest for the period 1961–2015 at seven stations in Serbia (Sremska Mitrovica: 69.1 mm, Beograd: 109.8 mm, Loznica: 110.0 mm, Valjevo: 108.2 mm, Negotin: 161.3 mm, Kuršumlija: 71.2 mm, and Niš: 74.5 mm) and broke previous historical records (Figure 3). These results are in accordance with the results of Tošić et al. [33]. Furthermore, Tošić et al. [33] concluded that the value of 161.3 mm, observed on 16 September 2014 in Negotin, would be expected only once in 200 years.



MDPs occurred in the 21st century at a majority of stations (54%), but if the last five years of the 20th century are included in the analysis, MDPs were recorded at 71% of stations. The southeastern region experienced maximum values. In comparison to other regions, the largest variations are seen in the northern region, where measured maxima apart from the station at Vršac occurred in the 21st century. In the central and western regions, six stations out of 12 had their maxima in the 21st century, and four more stations had maxima in the last five years of the 20th century.




3.2. Time Series Analysis of Maximum Daily Precipitation (MDP)


Calculations show that Serbia has a tendency towards an increase in maximum daily precipitation (Table 4). Applying the Mann–Kendall test, a non-significant positive trend for MDPs was found for 23 stations. At only two station—Pozega and Valjevo (in the western region)—a non-significant negative trend was found. A significant positive trend was found for three stations. An increasing trend at a significance level of 0.01 was registered at Novi Sad. For Loznica, significant increase trends were detected at the level of 0.05, and for Sremska Mitrovica at the level of 0.1. The Sen’s slope shows that the average increase of MDPs for these stations are 0.423 mm/year, 0.288 mm/year, and 0.153 mm/year, respectively. Generally, it can be concluded that positive significant trends were detected in the northwestern area of Serbia.



Results of the Pettit test showed, at a confidence level of 0.05, that there was a significant sudden shift upward for the research period, but only for the station at Loznica (Figure 4). As a transition year for MDP, the year 1981 was detected. The average annual values of MDP were 39.8 mm before the transition year, and 54.6 mm after the transition year.




3.3. Thresholds of Extreme Precipitation


The threshold for heavy precipitation events, determined by the method of peaks, is in the range of 36.6–52.5 mm (Figure 5) in Serbia. Applying the method of decile to the time series of daily precipitation in Belgrade, Radinović, and Ćurić [44], we calculated the value of this threshold to be 33.7 mm. If the daily intensity of precipitation is above the calculated thresholds, it is likely that river discharge and the water level will increase, mechanical water erosion will occur, leading to damage to agricultural areas and settlements



Regional differences are presented in Figure 5. Dry southeastern Serbia is most susceptible to precipitation events (even at a precipitation level of 36.6 mm), while northern Serbia is slightly less at risk. The more protected parts of the country include the western and central regions, in which the threshold values move to above 40 mm (Table 5). At mountainous meteorological stations (Kopaonik, Zlatibor, and Crni Vrh), the thresholds of dangerous precipitation were higher than at lowland stations; the lowest threshold was registered at the meteorological station at Kopaonik (46.7 mm). As a result, the threshold of warning for a territory above an altitude of 1000 m should be set at about 45 mm. According to these results, it can be concluded that, in case of extreme rainfall in Serbia, warnings should be spatially differentiated in accordance with the weather forecast and the lowest value of the defined thresholds for heavy precipitation events.



In the study period (1961–2015) in Serbia, 416 cases of threshold exceedance for heavy precipitation events were registered. The occurrence of these cases at several stations on the same day is a spatial criterion for registering very heavy precipitation events. Analyzing the distribution of occurrences, the results indicate that 6.21 is the critical number of stations for registering heavy precipitation events on the same day. This result is calculated from Equation (2) for calculating deciles. It includes the parameters of the distribution of the 416 cases when the threshold of heavy precipitation is exceeded in one day.




    D x  = 6 +     761   10   − 66   48   = 6.21   









All values above this number are considered to represent levels of precipitation that fall into a higher category of hazard. This result is very significant, mainly due to the fact that such research has not been done so far. Taking into consideration the fact that each meteorological station theoretically covers 2.767 km2 of territory (77.472 km2/28 stations), it can be concluded that very heavy precipitation events occur when they cover over 22.17% of the studied territory of Serbia (2.767 km2 × 6.21 = 17.183 km2). The critical number of stations (namely at least 7 stations) is extraordinarily above normal, since it can cause extremely harmful consequences of national significance in the environment (Figure 6). In the study period, seven catastrophic floods occurred when the threshold of extreme precipitation was registered at seven or more meteorological stations: in 1967 (seven stations); in 1978 (seven stations); in 1985 (eight stations); in 1987 (11 stations); in 1999 (11 stations); in 2009 (eight stations) and in 2014 (14 stations). During the time period in which the largest floods occurred in May 2014, 50% of the meteorological stations in Serbia registered exceedance of the threshold for extreme precipitation. Out of that number, 12 stations were in the area of northern Serbia (covering 33.204 km2 or 42.85% of the territory) which, of all regions, suffered the most from the floods. The consequences of the floods were upsetting: 51 people died, 31,879 people were evacuated, and 1.6 million people were directly or indirectly hurt [17].



This study has been carried out on statistical sequences (series) of daily precipitation distributed per month; a total of 336 series at meteorological stations in Serbia were utilized. Out of this number, 129 series were registered with three and more exceedances of extreme thresholds (Table 6). Their frequency indicates the probability of co-occurrence at several stations causing very heavy precipitation events in Serbia. The series for the first three months in the year did not include any threshold exceedance. From April, the number of such cases increased quickly, and in July, all stations registered a threshold exceedance. During autumn, the number of these cases decreased, so that in December, there was no threshold exceedance registered at any station. The largest number of threshold exceedance occurrences in one month was registered in the period of 1961–2015 in northern Serbia, at the meteorological station at Kikinda in June (from a total number of 12 situations, or 11 subintervals for the research). Northern Serbia is known for significant flooding of large rivers, and June is the wettest month.



The frequency of extreme precipitation in the period of the studied 55 years varied significantly. Numerous researchers have shown that the parameters of extreme precipitation in Europe are very variable, both spatially and across seasons [21,51,52,53,54,55]. In general, the frequency of precipitation that occurred above the extreme level during the 55 years was very low, only exceeding five occurrences in one series of data 15 times. Therefore, the results from Table 6 should be carefully considered (especially in terms of the change of the intervals between extreme occurrences). This example is the largest registered shortening of the interval between extremes in 13.5 successive years for August (given that Sombor is placed in northern Serbia), in which the conclusion was reached only on the basis of four registered extremes. Additionally, it should be taken into consideration that Northern Serbia is lowland, and known for huge spatial and time variations of precipitation and hydrological parameters (floods or droughts). Although it is apparent in the data that extremes, in many cases, become more frequent, it is difficult to precisely predict extreme events due to the low frequency of extremes. It is very likely, however, that the shortening of the interval between exceedances of two thresholds in a series increases the risk to the environment.



In support of the conclusion that extremes have become more frequent is the fact that there were threshold exceedances in successive years at the end of the studied period of 55 years in 22 situations. Out of this number, there were three situations of threshold exceedance in three successive years (station Crni Vrh in the period 2012–2014, and stations Kragujevac and Kuršumlija in the period 2013–2015), and one situation of threshold exceedance in four successive years (station Kikinda in the period 2007–2010). These results indicate an increase in the probability of co-occurrences of threshold exceedances on the same day, causing situations with the potential for very dangerous consequences for the environment. Therefore, the community is obliged to be ready with an adequate response.



Moreover, results were also obtained for the cases in which harmful consequences of very heavy precipitation events covered only a small area, or only a local community. This happened in cases when precipitation at one station exceeded the absolute daily maximum of the previous climate period (1961–1990). Such received thresholds of extreme precipitation were in the range of 54.5 mm–129.3 mm. Among them, 17 thresholds, or 60% of the data had a value in the range of 70 mm–100 mm, which were approximate values of their arithmetic means for the whole territory (85 mm); these were very high intensities of rainfall for one day. These values are even higher than the average monthly amount of precipitation in Serbia, which is 75 mm (according to the Republic Hydrometeorological Service of Serbia).



In the period of 1991–2015, 18 measured stations exceeded the values of their thresholds. The exceeding value was approximately 18.3 mm (Table 7). Very heavy precipitation events mostly caused damage to places in the northern and western parts of Serbia, since they were the most exposed to the moisture from the west.



The threshold was exceeded 27 times, mainly in May, June, and July. Only at the stations in Western Serbia and one station in Eastern Serbia was the threshold exceeded in autumn. This fact is in keeping with the research of Petrović et al. [56], and Ristic et al. [57], stating that the largest number of torrential floods in Serbia occurs exactly in June (27.5%), May (21%), and July (10.4%).





4. Conclusions


The results of the research regarding thresholds of extreme precipitation have both local and national significance, and are important for developing readiness strategies which would allow communities to react in situations of crisis. The spatial distribution of very heavy precipitation events has the most significant impact upon the occurrence of dangerous outcomes in the environment. The consequences of precipitation of the first level of hazard are not too dangerous, since they are not widely distributed.



In this paper, we calculated that the critical number of stations above which an event is considered a very heavy precipitation event, or a climate extreme of national significance, is 6.21 (theoretically containing above 22.17% of the total territory). This means that when, on one day at seven or more stations, heavy precipitation events occur, these events are extraordinarily above normal in nature, and are likely to cause very harmful consequences for the environment. In the study period, seven such events were registered in Serbia. The biggest flood—that of May, 2014—was initiated by extreme precipitation that occurred at 14 stations. In other words, the thresholds of extreme precipitation defined in this paper were exceeded at half of the meteorological stations in Serbia during this event. This was the single most dangerous recorded situation, and the subsequent results (a high number of threshold exceedances) indicate the significance of the calculated threshold criteria for emergency preparedness aimed at preventing harmful consequences.



A denser network of meteorological stations, especially in higher mountainous regions, would give more reliable and precise results when using the method of peaks and the method of decile. In forecasting and predicting very heavy precipitation events, apart from statistical indices, it is also necessary to take into consideration the spatial distribution of stations that are classified in the last decile, since it is extremely important to consider whether they, in territorial terms, cover a continual area.



Expected domination of a decreasing trend of the length of interval between threshold exceedances of heavy precipitation events indicates an increasing danger of co-occurrence of extremes at more stations in the future, which may lead to very dangerous outcomes.
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Figure 1. Geographical position of Serbia in Europe, and the map of Serbia with orography and position of meteorological stations (explanation of the abbreviations can be found in Table 1). 
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Figure 2. The map of annual precipitation in Serbia (1961–2010) [41]. 
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Figure 3. Maximum daily precipitation (MDP) for 28 stations grouped in five regions for the period of 1961–2015 in Serbia. 
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Figure 4. Results of the Pettit test for maximum daily precipitation (MDP) with a significant change point at the significance level (α = 0.05) for the meteorological station at Loznica. (mu1 is the average value in the period before the transition year, mu2 is the average value in the period after the transition year). 
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Figure 5. Average value thresholds (mm) for very heavy precipitation events for meteorological stations grouped in five regions for the period 1961–2015 in Serbia. 
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Figure 6. The frequencies of very heavy precipitation events defined by the method of decile at metrological stations in Serbia with consequences of national significance (1961–2015). 
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Table 1. Geographical descriptions of 28 meteorological stations in Serbia.
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	Station
	Abbreviations
	Region
	Longitude (E)
	Latitude (N)
	Altitude (m)





	Palic
	PA
	Northern
	19°46′
	46°06′
	102



	Sombor
	SO
	Northern
	19°05′
	45°47′
	87



	Kikinda
	KI
	Northern
	20°28′
	45°51′
	81



	Novi Sad
	NS
	Northern
	19°51′
	45°20′
	86



	Vrsac
	VS
	Northern
	21°18′
	45°07′
	401



	Sremska Mitrovica
	SM
	Northern
	19°38′
	44°58′
	82



	Zrenjanin
	ZR
	Northern
	20°21′
	45°24′
	80



	Beograd
	BG
	Central
	20°28′
	44°48′
	132



	Smederevska Palanka
	SP
	Central
	20°57′
	44°22′
	121



	Kraljevo
	KR
	Central
	20°42′
	43°43′
	215



	Kragujevac
	KG
	Central
	20°56′
	44°02′
	185



	Krusevac
	KS
	Central
	21°21′
	43°34′
	166



	Kopaonik
	KO
	Central
	20°48′
	43°18′
	1711



	Ćuprija
	CU
	Central
	21°22′
	43°56′
	123



	Loznica
	LO
	Western
	19°14′
	44°33′
	121



	Valjevo
	VA
	Western
	19°55′
	44°17′
	176



	Požega
	PZ
	Western
	20°02′
	43°50′
	310



	Zlatibor
	ZL
	Western
	19°43′
	43°44′
	1028



	Sjenica
	SJ
	Western
	20°01′
	43°16′
	1038



	Veliko Gradište
	VG
	Eastern
	21°31′
	44°45′
	80



	Crni Vrh
	CV
	Eastern
	21°58′
	44°08′
	1027



	Negotin
	NE
	Eastern
	22°33′
	44°14′
	42



	Zajecar
	ZA
	Eastern
	22°17′
	43°53′
	144



	Kuršumlija
	KU
	South-eastern
	21°16′
	43°08′
	383



	Nis
	NI
	South-eastern
	21°54′
	43°20′
	204



	Dimitrovgrad
	DM
	South-eastern
	22°45′
	43°01′
	450



	Leskovac
	LE
	South-eastern
	21°57′
	42°59′
	230



	Vranje
	VR
	South-eastern
	21°55′
	42°33′
	432
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Table 2. Frequency distribution presented by decile method.
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	Decile
	Percent of Frequency
	Term





	1
	0.1–10
	Extraordinary below normal



	2
	10.1–20
	Much below normal



	3
	20.1–30
	Below normal



	4–7
	30.1–70
	Normal



	8
	70.1–80
	Above normal



	9
	80.1–90
	Much above normal



	10
	90.1–100
	Extraordinary above normal
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Table 3. Absolute maximum daily precipitation (mm) in Serbia (period 1961–2015).
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	Region
	I
	II
	III
	IV
	V
	VI
	VII
	VIII
	IX
	X
	XI
	XII
	Year
	Station





	Northern
	37.1
	36.3
	66.6
	56.9
	121.9
	113.2
	189.7
	106.3
	69.4
	59.0
	54.9
	43.7
	189.7
	Vršac



	Central
	37.8
	71.4
	47.0
	64.2
	124.1
	106.4
	129.3
	87.8
	92.6
	57.6
	69.1
	68.8
	129.3
	Smederev Palanka



	Western
	47.6
	60.5
	56.7
	72.8
	110.0
	93.7
	101.3
	78.0
	116.0
	94.7
	95.3
	67.3
	116.0
	Zlatibor



	Eastern
	48.6
	61.8
	54.8
	112.8
	66.7
	112.8
	152.8
	116.8
	161.3
	61.6
	83.1
	58.2
	161.3
	Negotin



	Southeastern
	40.8
	53.2
	43.1
	46.4
	74.5
	66.4
	91.8
	73.6
	84.5
	76.7
	72.2
	48.3
	91.8
	Dimitrovgrad
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Table 4. Geographical descriptions and results of the Mann-Kendall (MK) tests for maximum daily precipitation at meteorological stations over the period 1961–2015.
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	Station
	Z
	Trend/α
	Sen’s Slope (mm/Year)





	Palić
	1.46
	Increase/-
	0.170



	Sombor
	1.00
	Increase/-
	0.106



	Kikinda
	0.65
	Increase/-
	0.074



	Novi Sad
	2.90
	Increase/**
	0.423



	Vršac
	0.14
	Increase/-
	0.014



	Sremska Mitrovica
	1.71
	Increase/+
	0.153



	Zrenjanin
	1.38
	Increase/-
	0.135



	Beograd
	0.98
	Increase/-
	0.108



	Smederevska Palanka
	0.98
	Increase/-
	0.088



	Kraljevo
	1.23
	Increase/-
	0.106



	Kragujevac
	0.94
	Increase/-
	0.095



	Kruševac
	1.23
	Increase/-
	0.095



	Kopaonik
	2.18
	Increase/-
	0.146



	Ćuprija
	1.27
	Increase/-
	0.129



	Loznica
	2.32
	Increase/*
	0.288



	Valjevo
	−0.30
	Decrease/-
	−0.027



	Požega
	−1.44
	Decrease/-
	−0.150



	Zlatibor
	1.43
	Increase/-
	0.175



	Sjenica
	0.33
	Increase/-
	0.024



	Veliko Gradište
	1.36
	Increase/-
	0.130



	Crni Vrh
	0.77
	Increase/-
	0.147



	Negotin
	0.92
	Increase/-
	0.125



	Zaječar
	0.94
	Increase/-
	0.078



	Kuršumlija
	1.47
	Increase/-
	0.119



	Niš
	0.17
	Increase/-
	0.011



	Dimitrovgrad
	0.28
	Increase/-
	0.026



	Leskovac
	0.25
	Increase/-
	0.012



	Vranje
	1.18
	Increase/-
	0.118







A—level of significance: - = no significance; +α = 0.1; * α = 0.05; ** α = 0.01.
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Table 5. Thresholds for heavy precipitation events by region in Serbia.
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	Region
	THav (mm)
	THlv (mm)
	DVI (mm)
	Cv
	Station of the Minimal Threshold





	Northern
	42.8
	37.6
	14.9
	11.8
	Kikinda



	Central
	42.6
	39.5
	7.2
	6.2
	Kruševac



	Western
	46.9
	41.5
	8.7
	8.3
	Sjenica



	Eastern
	45.9
	38.8
	11.0
	10.9
	Zaječar



	South-eastern
	38.5
	36.6
	4.3
	4.6
	Niš







THav is the average threshold value; THlv is the lowest threshold value; DVI is the data variation interval, and Cv is the coefficient of variability.
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Table 6. Basic parameters of the variability of intervals between exceedance of extreme precipitation thresholds defined by the method of peaks (heavy precipitation events) in Serbia.
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	Parameters
	I
	II
	III
	IV
	V
	VI
	VII
	VIII
	XI
	X
	XI
	XII
	Year





	ns
	0
	0
	0
	1
	22
	28
	27
	21
	15
	9
	6
	0
	129



	imax
	0
	0
	0
	3
	6
	11
	8
	6
	5
	6
	5
	0
	11



	ndt
	0
	0
	0
	0
	16
	19
	15
	12
	4
	3
	2
	0
	71



	dtmax
	-
	-
	-
	-
	12.8
	6.3
	4
	13.5
	6.1
	1.2
	4.5
	-
	13.5







ns is the number of series with three or more threshold exceedance events, imax is the maximum number of intervals per series, ndt is the number of cases of registered decrease of the interval length, and dtmax is the most distinctive shortening of the interval (in years per interval).
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Table 7. Meteorological stations at which very heavy precipitation events occurred in the period of 1990–2015, exceeding the absolute maximum of the previous climate period (1961–1990), with occurrence frequencies.
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	Station
	Threshold (mm)
	I
	II
	III
	IV
	V
	VI
	VII
	VIII
	XI
	X
	XI
	XII
	Year





	Palić
	85.7
	
	
	
	
	
	1
	
	
	
	
	
	
	1



	Sombor
	83.3
	
	
	
	
	
	1
	
	
	
	
	
	
	1



	Kikinda
	74.7
	
	
	
	
	
	1
	
	
	
	
	
	
	1



	Novi Sad
	91.8
	
	
	
	
	1
	
	
	
	
	
	
	
	1



	Srem. Mitrovica
	64.2
	
	
	
	
	1
	
	1
	
	
	
	
	
	2



	Vršac
	106.3
	
	
	
	
	
	
	3
	
	
	
	
	
	3



	Loznica
	80.7
	
	
	
	
	1
	
	
	
	1
	1
	
	
	3



	Valjevo
	93.7
	
	
	
	
	1
	
	
	
	
	1
	
	
	2



	Požega
	95.3
	
	
	
	
	
	
	1
	
	
	
	
	
	1



	Sjenica
	65.8
	
	
	
	
	
	1
	
	
	
	
	1
	
	2



	Beograd
	84.8
	
	
	
	
	1
	1
	
	
	
	
	
	
	2



	Kragujevac
	84.2
	
	
	
	
	
	
	1
	
	
	
	
	
	1



	Ćuprija
	87.8
	
	
	
	
	
	1
	
	
	
	
	
	
	1



	Kruševac
	68.8
	
	
	
	
	
	
	1
	
	
	
	
	
	1



	Veliko Gradište
	112.8
	
	
	
	
	
	
	1
	
	
	
	
	
	1



	Negotin
	116.3
	
	
	
	
	
	
	
	
	1
	
	
	
	1



	Niš
	71.2
	
	
	
	
	1
	
	1
	
	
	
	
	
	2



	Kuršumlija
	54.6
	
	
	
	
	
	
	1
	
	
	
	
	
	1



	Serbia
	-
	
	
	
	
	6
	6
	10
	
	2
	2
	1
	
	27
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