

  climate-10-00133




climate-10-00133







Climate 2022, 10(9), 133; doi:10.3390/cli10090133




Article



Compound Extremes of Air Temperature and Precipitation in Eastern Europe



Elena Vyshkvarkova *[image: Orcid] and Olga Sukhonos[image: Orcid]





Institute of Natural and Technical Systems, 299011 Sevastopol, Russia









*



Correspondence: aveiro_7@mail.ru







Academic Editor: Mário Gonzalez Pereira



Received: 21 July 2022 / Accepted: 1 September 2022 / Published: 5 September 2022



Abstract

:

The spatial distribution of compound extremes of air temperature and precipitation was studied over the territory of Eastern Europe for the period 1950–2018. Using daily data on air temperature and precipitation, we calculated the frequency and trends of the four indices—cold/dry (CD), cold/wet (CW), warm/dry (WD) and warm/wet (WW). The connection between these indices and large-scale patterns in the ocean–atmosphere system, such as the North Atlantic Oscillation (NAO), the East Atlantic (EA) and Scandinavia (SCAND) patterns, was also studied. The positive and statistically significant trends in the region were observed for the warm extremes (especially the WW index) in all seasons, with maximum values in the winter season, while negative trends were obtained for the cold extremes. The NAO index has a strong positive and statistically significant correlation with the warm compound indices (WD and WW) in the northern part of Eastern Europe in winter like the EA pattern, but with smaller values. The spatial distribution of the correlation coefficients between compound extremes and the SCAND index in the winter season is opposite to the correlation coefficients with the NAO index.
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1. Introduction


Simultaneous or consecutive occurrences of several extreme phenomena (events) in climatology are referred to as compound extreme events. Over the last decade, these events have been attracting the attention of the scientific community due to their increased impacts on nature and society [1,2,3,4,5,6]. Extreme precipitation and temperature values, which are two of the key variables in climatology and hydrology, are multidimensional phenomena, and they can occur at different synoptic periods (e.g., blocking anticyclones with droughts and heatwaves) [7,8]. Changes in temperature and precipitation are often physically linked; for example, droughts and heatwaves in 2003 and 2015 in Europe, in 2010 in Russia, and 2012–2014 in California. These events featured extreme temperature and precipitation (the lack of thereof) that resulted in significant casualties and economic effects [9,10,11,12,13]. In a changing climate, a change in the frequency of compound extremes is likely if the component of the extreme has a tendency; for example, an increase in surface air temperature can lead to an increase in compound extremes including it [14].



Extreme temperature and precipitation are considered independently using one-dimensional statistical methods [15,16,17,18,19]. There are several approaches to the analysis of compound extremes [20]. The statistical methods include the following [20]: empirical, multivariate distribution [21,22], indicator approach [23], quantile regression [24], and Markov chain model [25]. The empirical approach to the analysis of compound extremes is manifested in the calculation of the number of simultaneous or consecutive occurrences of several extremes. Beniston [26] suggested using the combination of air temperature and precipitation values exceeding the set thresholds (the 25th and 75th percentiles) in the empirical analysis of compound extremes. The joint distribution of the two weather variables like the temperature and precipitation is a rational indicator of weather conditions and their stability [27,28]. Compound distributions reflect weather conditions better than the statistics for the temperature or precipitation alone [4,28]. The study of compound extremes using this technique was carried out for many regions, such as North America [29,30,31], China [32], India [33], some parts of Europe (Spanish mountains, Serbia, central Europe) [34,35,36,37], Australia [38] and on the global scale [39].



Air temperature and precipitation variability and their extremes in the European region are affected by interannual large-scale circulation patterns in the ocean–atmosphere system, such as the North Atlantic Oscillation (NAO) [40], the East Atlantic pattern (EA) [41,42], the Scandinavia pattern (SCAND) [41,43], and the East Atlantic/West Russia pattern (EA/WR) [41]. The impacts of these patterns were covered by many researchers from different regions of the world [44,45]. Analysis of the influence of the large-scale circulation patterns on compound extremes was carried out for the regions of Switzerland [27], the highlands of the Mediterranean basin [46], and China [32,47]. Understanding the frequency of occurrence and possible causes of compound extremes will allow developing strategies to reduce their dangerous impact on society and ecosystems.



The goal of this work is to analyze the compound extremes of air temperature and precipitation in Eastern Europe for the period 1950–2018, as well as studying the connection between these indices and large-scale patterns in the ocean–atmosphere system.




2. Materials and Methods


2.1. Climatic Characteristics of the Study Region


The study region (Figure 1) includes the large part of Eastern Europe (25–45° E, 42–61° N).



The region is characterized by a variety of climatic conditions. In the north of the European part of Russia, the continental climate prevails. Marine air masses cause mild winters with frequent thaws and moderately warm, sometimes cool summers. The average temperature in January is −8… −11 °C; in July, +16… +19 °C. The amount of precipitation per year is 600–700 mm. To the south, there is an increase in the average air temperature and a decrease in the amount of precipitation. The climate of the Central Federal District of Russia is temperate continental, the average temperature in January is from −7 to −14 °C; in July—from +16 to +22 °C. Precipitation falls 500–600 mm per year. The rainiest time is the end of summer and autumn [48].



The territory of the south of the European part of Russia can be conditionally divided into three parts: flat, foothill and mountainous. They differ in their topography, climate, soil and vegetation. In most of this area, the climate is temperate continental. In this regard, the climate is characterized by warm and long summers—the average July temperature ranges from +20 °C to +24 °C. The average January temperature ranges from −5 °C to −2 °C. The average annual precipitation decreases from 400 to 600 mm in the west to 200–400 mm in the east [49,50].



The subtropical type of climate is characteristic of the Black Sea coast of the Caucasus. The spurs of the Caucasus Mountains protect the coast from the penetration of cold air masses from the East European Plain in winter. The average January temperature in this area is positive. Summer is warm and long. The average temperature in July is between +22 °C and +26 °C. The climate of the coast is both warm and humid. On average, the total precipitation is about 800 mm, which is a relatively even distribution throughout the year [51].



The western coast of the Black Sea (the territory of the countries of Bulgaria, Romania and Moldova) is one of the driest in Eastern Europe, with a total precipitation below 300 mm per year in some areas, especially at the confluence of the Danube into the Black Sea [52]. Annual rainfall reaches 700 mm per year in the south of the region. Average monthly air temperatures throughout the year are predominantly positive, especially in the south, with maximums up to +24 °C in July or August and minimums in January (–2 °C to +2 °C) [53].



Ukraine is characterized by noticeable climatic differences across the country. The territory of Ukraine is located in the temperate continental climate zone. The average temperature of the coldest month (January) is negative (from −7.5 °C to −2 °C), the average temperature in July ranges from +17.5 °C to +22 °C [49]. Precipitation is unevenly distributed, large amounts fall in the west (the region of the Carpathian Mountains with precipitation up to 1600 mm per year) and north (700–750 mm per year), in smaller quantities—in the east and southeast (300–350 mm per year). Winters vary from cool along the Black Sea to cold in the interior of the country, summers are warm in most of the country and hot in the south [54].



The climate of Latvia and Estonia is maritime and humid, with cool summers and moderate winters [55]. The average annual air temperature in Latvia ranges from +4.9 to +7.1 °C for the period 1961–2010, which is due to the influence of continentality and remoteness from the Baltic Sea. The average annual rainfall varies from 576 to 757 mm. The least amount of precipitation occurs in the spring, and the most in the summer [56]. The average annual temperature in Estonia is 6.4 °C, and the average precipitation is about 667 mm per year [57]. Lithuania is characterized by a transitional climate from maritime to continental, with humid and temperate summers and winters [58].



Belarus is characterized by a temperate continental climate with cold winters and cool, rainy summers. The average air temperature ranges from +6.4 °C in the northeast to +7.7 °C in the southwest. The average January temperature is around –4 °C, and the average July temperature is around +19 °C. The average annual rainfall range is 600–750 mm. About 70% of precipitation falls during the warm season [59].




2.2. Data and Methods


In this work, we used the data on daily average surface (2 m) air temperature and precipitation amounts over the period of 1950–2018 in Eastern Europe. The data were taken from the reanalysis E-obs 20.0 (with a spatial resolution of 0.25° × 0.25°) [60]. This dataset is based on observations from over 20,000 meteorological stations across Europe. The data availability maps showed enough data at the grid nodes (more than 80%) over the period 1950–2018.



To characterize compound extremes, combined air temperature and precipitation indices were used [26]. The cold/wet (CW) index was calculated as a combination of the number of days with the average temperature below the 25th percentile (T25) and the daily precipitation amount higher than the 75th percentile (R75) at the same time. The same procedures were applied to calculate other indices, such as the cold/dry days (CD—T25/R25), warm/dry days (WD—T75/R25), and warm/wet days (WW—T75/R75). We use 25th and 75th percentiles to identify a large number of compound extreme events for air temperature and precipitation [26]. These percentiles characterize moderate extremes.



The threshold values for air temperature and precipitation were calculated based on daily data for each of the seasons over the base climate period of 1961–1990 at each node of the regular grid. The precipitation percentiles were determined from daily data. Precipitation time series have used precipitation values above 1 mm. The compound temperature and precipitation extreme were identified if the specific extremes occurred on the same day in 1950–2018. After that, the total number of such coincidences per month/season/year was counted. Calculations were performed for all seasons. Winter corresponds to January and February of the current year, and December of the previous year. The results are presented for each reanalysis point in the form of raster maps without spatial interpolation.



To analyze the correlations between the compound extreme indices and circulation patterns, the North Atlantic Oscillation, East Atlantic pattern, and Scandinavia pattern over the period of 1950–2018 were used. The indices were taken from the Climate Explorer website (https://climexp.knmi.nl, access on 8 March 2022).



The values of linear trend coefficients were determined using the least-squares method. The non-parametric Mann–Kendall test was used to obtain the statistical significance of trends (with a significance level of 95%). The Pearson’s correlation coefficient was calculated, and its statistical significance using Student’s criterion (95% significance) was obtained between compound extremes indices and circulation patterns.





3. Results


3.1. Frequency of Compound Indices


The total number of days with index CD in winter for most of the region is in the interval 50–100 with an increase of up to 150 days for the entire study period in the north of the region and on the western coast of the Black Sea (Figure 2). An increase of the compound extreme index is noticeable in high-mountainous regions—the Carpathians, and the Crimean and Caucasian mountains (up to 250 days). The CW (cold/wet) combination occurred up to 50–100 days for the whole period. The compound WD index above 50 latitude reaches 250 days. The WW index has the highest values in the winter season; in the north of the region, its values reach 450 days for the period 1950–2018.



The number of days with the compound air temperature and precipitation extremes in spring is lower than in winter. The total number of days with indices CD and WW reach 200–250 days in the northern regions of the study region. At the same time, the CW and WD indices have values no higher than 100 days, with the exception of the Caucasus Mountains region, where an increase of up to 250 days is observed.



In the summer season, the greatest number of days is typical for the cold-dry combination (index CD) in the northern regions, where the sum of days reaches 250 days. The CW index in most of the study region is in the interval of 100–200 days, an increase of compound extremes is observed in the region of the Caucasus Range (up to 300 days). The sum of days with the WD index for the most of the region does not exceed 150 days with an increase to 250 in the highlands of the Carpathians and the Caucasus. The WW index increases from southeast to northwest from 50 to 200 days over the period 1950–2018.



The distribution of the CD index in the autumn season is similar to that in the summer season. The sum of days of the CW index does not exceed 100 days per season throughout the region, with a slight increase on the Black Sea coast of the Caucasus (up to 250 days). The number of days with the CW index increases in a northerly direction and reaches 200 days. The sum of the WW index also increases northward, but with larger values relative to the CW index. In the northern regions, the number of days with warm and wet conditions reaches 300 days.



Zhou and Liu [47] showed that correlations between temperature and precipitation (positive or negative) have a direct impact on the likelihood of compound climate events occurring: the stronger the correlation, the higher the probability of a compound extreme. Therefore, we built correlation maps of monthly air temperature and precipitation in all seasons (Figure 3). In winter, the positive statistically significant correlation is typical to the south of European Russia (excluding the North Caucasus), the southeast regions of Ukraine and all of the region to the north of the 52 degrees latitude. While negative statistically significant correlation between the air temperature and precipitation rates can be observed on the western coast of the Black Sea (in Romania, Ukraine, and Moldova). In spring, the entire region is characterized by a positive (significant) relationship between air temperature and precipitation throughout the region, except for a narrow strip of negative correlations on the eastern coast of the Black Sea. The summer season is characterized by a statistically significant negative correlation between air temperature and precipitation throughout the region, with maximum values in the southeast (correlation coefficient reaches −0.8). The correlation coefficients in the autumn have the lowest values. Negative statistically significant correlations were found on the entire coast of the Black Sea, and positive ones—in the north of the region. Our results are consistent with those obtained by Trenberth and Shea [61]: a strong negative correlation between the monthly average temperature and the precipitation rates over continents in the summer in both of the hemispheres and opposite in winter. This means that areas with high positive correlations tend towards cold/dry or warm/wet conditions, and vice versa, negative correlations lead to the dominance of compound dry/warm or wet/cold extremes [32]. In our case, high positive correlations between temperature and precipitation explain the more frequent WW index on the northern part of the region in the winter season, and the bigger sum of days of CD and WW indices in spring and autumn seasons (Figure 2).



At the same time, for the summer, we obtained a strong negative correlation for the entire region, however, in this regard, the large values of indices combining warm/dry or cold/wet conditions were not detected. An increase in the frequency of the index CW is observed on the Black Sea coast of the Caucasus and in the region of the Caucasus Range, which corresponds to the area with the maximum correlation coefficients between air temperature and precipitation. Such a relationship may be explained by several physically different mechanisms: changes in cloud cover or changes in precipitation and the consequent changes in the heat balance of the region. The reason for this phenomenon remains to be elucidated.




3.2. The Compound Extreme Indices Trends


The features that are characteristic of indices rather than seasons are highlighted when analyzing trends in indices of compound extremes (Figure 4). Thus, the CD index, which includes temperature and precipitation below the 25th percentile, is characterized by predominantly negative trends throughout the study region in all seasons. The area of a statistically significant decrease in the number of days with this index is located in the southeast of the region in all seasons, and for summer—throughout the region.



The distribution of the trend coefficients of the CW index is mixed. It is necessary to single out the region of the Caucasus Range, where there is a negative statistically significant trend in the number of days with the index in all seasons. In the summer season, negative values of the coefficients of the linear trend prevail. The WD index is also characterized by a mixed spatial distribution of the linear trend coefficients, but with a predominance of positive values. In the summer season, the western part of the region has a statistically significant increase in the number of days with compound index WD.



The index, which includes temperature and precipitation above the 75th percentile, i.e., warm and wet conditions (WW), shows positive trends throughout the region in all seasons. The trend is the largest and reaches 1 day/10 years in the north of the region in the winter season. The statistically significant areas of increasing the number of days with WW index are located in the central part of the region. In the transitional seasons (spring and autumn), and in the summer season—throughout the region.



Based on the analysis of linear trends, it can be concluded that there is a general trend towards an increase in the frequency of warm extremes and a decrease in the frequency of cold ones. The increase in air temperature has led to an increase in warm extremes in other regions of Europe [34,35,52,62,63,64], in other countries [32], and around the globe [65]. Studies differ in time period, threshold values for determining extremes, and initial data, but they all show similar results.




3.3. Correlation of Compound Indices and Large-Scale Patterns


The Pearson’s correlation coefficient was calculated between the compound extreme indices and corresponding seasonal signal indices for each season. The NAO phase changes lead to a significant change in the atmospheric circulation in the Atlantic–European region [45,66]. The correlation analysis of the compound extreme indices and the NAO index in winter produced the following results (Figure 5). Negative correlations were found between the NAO index and the “cold” CD and CW indices across the region and the 95% statistically significant indices in Belarus, Eastern Ukraine, and the Black Earth Regions. The warm indices (WD and WW) showed a statistically significant positive correlation (up to +0.8) with the winter NAO index above the 50th parallel. A negative correlation was observed between the WW and the NAO indices in the North Caucasus and the Caucasus ridge (up to –0.8, p < 0.05). In contrast to [46], who found no statistically significant connection with the winter NAO index in the Caucasus Mountains. Apparently, this is due to the use of other data (simulations from 10 global circulation models), a shorter data series (1950–2006) and using the 40th and 60th percentile to highlight the extreme.



In spring, cold indices demonstrate a negative correlation with the NAO index throughout almost the entire region. For the CD index, positive correlation coefficients were observed near the Caucasus, and in eastern Ukraine for the CW index. The compound extreme WW index and the NAO index have a statistically significant correlation in Belarus, Bulgaria, and some parts of Russia.



In summer, the CD index is characterized by a predominantly positive relationship with the summer NAO index. The CW and WW indices have a predominantly negative relationship with the NAO index. For the WW index, it is statistically significant in the north of the study region. In autumn, all indices (except WD) have a negative (with small statistically significant areas) relationship with the NAO index throughout the region.



The distribution of the correlation coefficient between the WD index and the spring, summer and autumn indices of the NAO is characterized by great spatial heterogeneity. The NAO has the greatest impact on Europe, especially in winter [67,68,69], which is associated with changes in cyclone trajectories in the Atlantic–European region [70]. Our results showed the strongest relationship with the NAO in the winter season.



The East Atlantic pattern is the second mode of low frequency variability over the North Atlantic. The anomaly centers of the EA are shifted to the southeast relative to the centers of the NAO [41]. The positive phase of EA is associated with higher average surface temperatures in Europe in all months, above average precipitation in northern Europe and below average in southern Europe [41]. The correlation between the CD index and the winter EA index is negative throughout the region with little statistically significant areas (Figure 6). The CW index features a mainly positive correlation with the EA index above the 50th parallel, while on the Black Sea coast of the Caucasus, the correlation is negative and statistically significant. The warm compound extreme indices (WD and WW) have a positive correlation with the winter EA index throughout almost the entire region. The WW index features a statistically significant correlation in Belarus, the Baltic, and the northern part of European Russia.



The correlation between the CD index and the spring EA index is demonstrate a spatial heterogeneity with predominance of negative correlations. The CW index has a positive correlation with the EA index in the left-bank region of Ukraine and the northeast of the region. Negative correlation coefficients were found in Romania and Moldova. The WW index is characterized by the positive values of the correlation coefficient across the region with statistically significant values on the north.



In summer, the CD index is characterized by a negative correlation with the summer EA index throughout the region of Eastern Europe, and it is statistically significant, with the exception of the eastern part of the region (the Ciscaucasia and the Black Earth region of Russia). The CW index and the EA index have a negative relationship throughout the study region with small areas of statistically significant values. The WD index demonstrates a strong spatial heterogeneity, similar to the distribution of correlation coefficients between the indices of compound extremes and the NAO indices for the spring, summer and autumn seasons. However, the area with a statistically significant positive relationship in the west of the region (right-bank Ukraine, Belarus, Romania, Latvia) should be noted, as well as the Black Sea coast of the Caucasus. The spatial distribution of the correlation coefficients between the WW index and the summer EA index is characterized by positive statistically significant values (up to 0.9) for almost the entire study region, with the exception of the eastern regions of Ukraine and Ciscaucasia.



The spatial distribution of the correlation coefficients between the indices of compound extremes and the EA index in the autumn season is similar to the summer season, but with smaller values of the coefficients.



The Scandinavia pattern (SCAND) is associated with anomalies in heights over Scandinavia and western Russia [41]. During the positive phase of SCAND, temperatures are below average in central Russia and western Europe, and precipitation is above average in central and southern Europe. These positive and negative precipitation anomalies are in good correspondence with intensification and reduced storm-track activity [43]. The correlation between the cold indices of CD and CW and the winter SCAND index is quite heterogeneous (Figure 7). There are areas with a positive statistically significant correlation on the western coast of the Black Sea (Bulgaria, Romania, Moldova, and a part of Ukraine), as well as in the north of the region. The warm indices (WD and WW) feature a largely negative correlation with the winter SCAND index with statistically significant values in the north of the region.



Ukraine, Belarus, as well as the western and eastern coasts of the Black Sea, are characterized by positive correlation coefficients for the spring CD and the spring SCAND indices. A negative statistically significant correlation between the CW index and the spring SCAND index was observed in the southeast of Ukraine, and a positive correlation was observed in central Ukraine. The WW index in the spring season has a predominantly negative correlations throughout the region, but they are predominantly not significant.



The spatial distribution of correlation coefficients in the summer season between the CD and WD indices and the summer SCAND index is characterized by strong spatial heterogeneity. There is a negative statistically significant relationship with the CW index in the north of the region, while in the southern half of the region, it is positive. The relationship between the WW index and the SCAND index in summer is mostly negative, but not significant.



The CD index in the autumn season has a negative statistically significant relationship with the autumn SCAND index throughout the region. The CW and WW indices have a similar structure of the spatial distribution of correlation coefficients: negative values in the north of the region and separate areas with a positive statistically significant relationship (the central part of Ukraine).





4. Discussion


The overall increase in the frequency and intensity of extreme events associated with the air temperature and precipitation requires that this problem should be studied in more detail. Extensive research on the extreme trends in air temperatures and precipitation rates in the study region has been conducted. They include the data on Russia [71,72], Georgia [73], the western coast of the Black Sea [52,74], Ukraine [75], etc. The research works differ in the methods used and the observation period. However, the key outcome of the majority of works is a statistically significant increase in the air temperature and its extreme values, as well as the heterogeneous precipitation values [76].



We conducted a detailed analysis of the frequency and trends of compound extremes, and the connection with the circulation patterns of the territory covering most of Eastern Europe. The positive and statistically significant trends in the region are typical of the combinations with the temperatures above the 75th percentile, i.e., the warm extremes (especially the WW index) in all seasons, with maximum values in the winter season. The negative trends were obtained for the cold extremes, most pronounced for the CD index. The resulting growth trends of warm indices are associated with an increase in the average air temperature over the past decades.



The results obtained correlate with those obtained previously by other researchers. Despite the use of different data, time period and thresholds to identify extremes, studies show a clear increase in the frequency of warm indices and a decrease in cold ones. The compound extremes in European countries and regions show that the warm combinations (warm/dry and warm/wet) are growing, while the cold combinations are decreasing [26,34,62]. The observations and ERA5 reanalysis data demonstrate that the 95th percentile precipitation increases against the growth of temperatures in winter all over Russia [71]. The global research [39] based on the CRU data also showed the increase in WD and WW extremes in Russia in the second half of the 20th century. The comparison of compound extremes produced using the CRU data and CMIP5 project models showed correlation, which allows for the further use of the CMIP project results for global climate modeling to assess any possible changes in compound extremes in the future. According to the IPCC experts, the frequency and intensity of extremes associated with air temperature and precipitation will increase in the future [77]. The analysis performed using various models and scenarios for the European regions [78,79] and for the whole world [65] confirms this claim.



The increase in the occurrence rates of the extremes combining high temperature and a lack of precipitation may result in droughts similar to the weather conditions observed in Russia and Central Europe in 2010, 2015, and 2021. Such conditions may provoke forest fires [5] and aggravate their effects, e.g., the smog and air pollution. Positive trends for the WW combination can be attributed to the intensification of cyclonic activity and consequently lead to heavy rains and floods. These may include the flood in Krymsk (Krasnodar Krai) of 2015 when 2–5 monthly rainfall fell over a short period, the flooding of the cities on the Black Sea coast of the Caucasus and the east of the Crimean Peninsula in 2021, and the 2021 floods in Germany. This kind of research remains vital and requires further efforts due to the ongoing climate changes.



We used the NAO, EA, and SCAND indices as circulation patterns. According to various authors, they impact the air temperatures and precipitation in Eastern Europe [80,81,82,83]. The analysis of the impacts of the large-scale processes in the oceans–atmosphere system showed that the NAO index has a strong positive and statistically significant correlation with the warm compound indices (WD and WW) in the northern part of Eastern Europe in winter. This is consistent with the above statement about the greatest NAO influence in the winter season. During a pronounced positive phase of the NAO, above-average air temperatures and precipitation are detected in northern Europe in the winter season [41]. The correlation between the WW compound extremes index and the EA index is positive in all seasons, with the highest values in summer. It should be noted that the CD index has a strong negative correlation with the EA index in summer and autumn. The spatial distribution of correlation coefficients between compound extremes and the SCAND index in the winter season is opposite to the NAO index: a negative relationship with warm indices (WD and WW) and a positive relationship with cold ones (CD and CW). The distribution of the correlation coefficient between the WD index and the spring indices of large-scale circulation is characterized by great spatial heterogeneity.



The North Atlantic oscillation and Scandinavia pattern have an impact on the northern regions of Europe, while the southern ones (including Mediterranean) do not show statistically significant results, as shown in another work [62]. The circulation types change and storm-track activities shift during various signal phases, which impacts the occurrence and distribution of compound extremes of air temperatures and precipitation in the Eastern Europe region. Differences in the results of different authors, such as the effect of the winter NAO on the occurrence of compound extremes in the Caucasus, may be due to the use of a different study period, at which the phases of the modes are shifted into a positive or negative phase [45,62].




5. Conclusions


We used the empirical approach to define the compound extremes of the air temperature and precipitation and analyze their spatial and temporal distribution over 1950–2018 in Eastern Europe. We evaluated the frequency and trends of the compound extremes in all seasons. Based on the analysis of linear trends, it can be concluded that there is a general trend towards an increase in the frequency of “warm” extremes (WD and WW indices) and a decrease in the frequency of “cold” ones (CD and CW indices).



We used three signals that affect the structure of air temperature and precipitation in the region (NAO, EA, and SCAND). An analysis to identify the influence of circulation patterns on compound extremes showed that the NAO plays a significant role in the formation of warm extremes in the winter season in the north of the study region, and the situation is reversed for SCAND. The correlation between warm compound extremes and the EA index is positive in all seasons with the highest values in summer.



The changes observed in the occurrence and frequency of compound extremes are affecting and shall continue affecting various areas of life including healthcare, agriculture, transportation, infrastructure, power industry, etc. Since the region is distinguished by a variety of climatic conditions, the results obtained on the trends of joint extremes can be both positive and negative. For example, a decrease in cold extremes in the northern parts of the region may have a beneficial effect on some areas of the economy, such as a northward shift in the zone suitable for cultivating certain crops, or a decrease in residential heating costs. At the same time, the increase in warm extremes in the south of the region is rather negative due to the increase in aridity in an already insufficiently humid region.



The work can be continued with the study of the influence of other circulation patterns, as well as their joint influence on the distribution of compound extremes. The results obtained can be used to develop adaptations to climate changes, compound extremes in particular.
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Figure 1. The study region (purple rectangle). Numbers correspond to the countries included in the study region: 1—Estonia, 2—Latvia, 3—Lithuania, 4—Belarus, 5—Ukraine, 6—Moldova, 7—Romania, 8—Bulgaria, 9—Georgia, 10—Russia. 
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Figure 2. The spatial distribution of total number of days with compound air temperature and precipitation extremes over the period 1950–2018. 
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Figure 3. The spatial distribution of Pearson’s correlation coefficients for the monthly air temperature and precipitation in 1950–2018. Statistically significant correlation coefficients (p < 0.05) are shown as black dots. 
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Figure 4. The spatial distribution of linear trend coefficients for compound air temperature and precipitation extremes over the period 1950–2018. Statistically significant trends (p < 0.05) are shown as black dots. 






Figure 4. The spatial distribution of linear trend coefficients for compound air temperature and precipitation extremes over the period 1950–2018. Statistically significant trends (p < 0.05) are shown as black dots.



[image: Climate 10 00133 g004]







[image: Climate 10 00133 g005 550] 





Figure 5. The spatial distribution of correlation coefficients for compound extreme indices and the NAO. Statistically significant correlation coefficients (p < 0.05) are shown as black dots. 
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Figure 6. The spatial distribution of correlation coefficients for compound extreme indices and the EA. Statistically significant correlation coefficients (p < 0.05) are shown as black dots. 
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Figure 7. The spatial distribution of correlation coefficients for compound extreme indices and the SCAND. Statistically significant correlation coefficients (p < 0.05) are shown as black dots. 
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