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Abstract

:

The ongoing global warming promotes an expansion of the areas of land already used for viticulture, as well as the establishment of new vineyards in areas that were previously considered unsuitable. In this study, a temporal and spatial assessment of the thermal conditions for viticulture in Poland was conducted using a series (1971–2019) of daily data on air temperature (mean, maximum and minimum) obtained from 52 stations of the Polish Institute of Meteorology and Water Management—National Research Institute. On the basis of the values of air temperature for the year (January–December), the vegetative period (April–September), and July, as well as the duration of the period of active growth of the plant (air temperature >10 °C) and the sum of active temperatures (SAT) in this period, five potential areas for viticulture in Poland were identified with respect to thermal conditions. It was found that approx. 60% of the country’s area shows conducive and moderately conducive conditions for intense viticulture. In the analysed multiannual period, there is a dynamic increase in air temperature in Poland, an increase in the sums of active temperatures (SAT) as well as an increase in the duration of the period of active growth of the plant. The ongoing global warming causes a shift of the current boundary of intense viticulture to the north of Poland (from 100 to 150 km). The greatest increases in air temperature and SAT values were found in the south-west and west of Poland, with a marked decrease shown towards the north-east and east.
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1. Introduction


There is a long history of viticulture in Poland, contrary to the popular belief that grapevines are to be cultivated in low-latitude regions. Viticulture on Polish lands dates back to the 12th century, and in Europe to the times of the Ancient Greeks [1,2]. At the turn of the 16th and 17th centuries, viticulture was discontinued due to a marked cooling of the climate and then resumed (mainly in the area of the current Lubuskie and Dolnośląskie voivodeships) in the first half of the 19th century by German settlers [3]. During the Second World War, viticulture was again discontinued only to be reinstated gradually in the 1990s [4,5]. The current revised legal regulations on marketing wine produced from one’s own cultivation have also contributed to an increase in cultivation area as well as in the number of growers [3,6,7].



The region of viticulture is determined not only by the possibility of cultivation but also by its quality. The climate conditions are inseparable from the region of cultivation since they are the underlying factor of grape growth and ripening. For example, the Thermal Index of Winkler based on heat resources identifies five extensive regions of viticulture in California [8,9]. This index has been modified and adapted to other regions of the world [10,11,12,13]. According to the Thermal Index of Winkler, the western area of Poland (Zielona Góra, Lubuskie voivodeship) is considered to be the coldest of the identified regions (Ia), with a growing degree days (GDD) value of 1849, where very early maturing varieties, mainly hybrid grapes, are best cultivated [14,15,16]. In Europe, the Huglin index [17], rather than the Winkler index, is used more frequently to classify viticulture. The formula of the Huglin index ascribes greater importance to the maximum temperature and includes a correction owing to the latitude or the sum of active temperatures (SAT) [6,18]. Yet another, more comprehensive approach to climatic classification of viticulture was put forward by Tonietto and Carbonneau [19], who pointed to the following criteria: cool night index (CI), dryness index (DI) and Huglin’s heliothermal index (HI). However, it should be noted that the abovementioned paper mainly considers the southern regions of Europe, and therefore the suggested classification is representative of the Mediterranean climate rather than climates with transitional characteristics. In turn, the classification by the European Union divides the area depending on the climate conditions into three zones, from the poorest conditions (A) to the best (C) [3]. According to this classification, pursuant to the Council Regulation (EU) No 2165 of 20 December 2005, Poland was classified as the coldest cultivation region—similarly to the greater part of Germany as well as the Czech Republic, Belgium and the UK [20,21]. What is more, the geographical division, useful in terms of grapevine cultivation, into units of viticulture does not apply to Poland [2,3]. There is only the division of Poland into three regions with respect to thermal conditions—from favourable, through areas at risk from winter, to the regions where cultivation is impossible or very difficult [21,22].



The climate, just like the selection of a suitable variety, is one of the key factors affecting grape production as well as the kind and quality of the produced wine. Air temperature is considered the most important climate criterion affecting the growth and development of grapevines [19,20,22,23,24,25,26,27,28]. What is more, according to Santos et al. [28], Jones et al. [29], Keller [30], and Clingeleffer [31], it is the air temperature during the vegetative period in the cultivation year that shows a greater influence on a given wine vintage (composition of grapes, quality of wine) than cultivation practices. It is the temperature that determines the time of grape ripening, which varies depending on the variety [32,33,34]. For example, ‘Cabernet Sauvignon’ and ‘Shyrah’ need more warmth to complete maturation and, consequently, are best cultivated in a warmer climate as compared to ‘Pinot Noir’ and ‘Chardonnay’, which show less heat demand and thrive in a cooler climate. Considering thermal resources, it must be emphasised that excess heat in the vegetative period may cause earlier maturation of grapes, increased sugar content and lower acidity [35]. Contrariwise, not enough heat may result in delayed or limited maturation, and consequently, the produced wine is low in alcohol and manifests poor palatability [36].



In Europe, the basic grapevine species is Vitis vinifera L., characterised by late maturation and the requirement of a warm and dry autumn. In the climate conditions of Poland, varieties obtained from interspecies hybrids of vinifera, which are more resistant to frost, are best cultivated [37].



According to Robinson [38], the most favourable zone for viticulture in the northern hemisphere extends from the latitude 32° to 52°, i.e., half of the area of Poland (λ 49° to 52°). It is recognised that the climate conditions are conducive to cultivation if the following conditions are met: mean annual air temperature at least 8 °C, during vegetation period at least 14 °C, in the warmest month not less than 17 °C, and the annual sum of active temperatures (>10 °C) at least 2500 °C [39,40]. Apart from the aforementioned criteria, the following are also taken into account: air temperature in April (bud burst) and September (grape maturation), spring and autumn frost, temperature in January and sub-zero, the lowest (<−10 °C) temperature recorded in the cold half-year as well as the length of the grapevine’s active growth period above the threshold of 10 °C [25,41,42,43,44].



The undoubted global warming is consequential to various sectors of the economy. For example, with respect to agriculture, global warming enables the cultivation of thermophilic plants such as soy, corn or grapevine in areas that have been previously considered unsuitable for the cultivation of such crops. According to Lee et al. [45], grapevines are one of the plants most susceptible to climate change. The most recent warming has a generally positive effect on the improvement of wine quality [46,47], particularly the wine produced in the regions of less favourable climate zones [26,48]. Another positive effect of global warming is the shift of viticulture locations to the north (to high latitudes) and the possibility of cultivating grapevines in such regions of Europe as the UK, the Netherlands or Denmark [28,29,49,50,51,52]. However, global warming is considered negative in areas where this plant is cultivated under conditions close to the optimum temperature and higher [53,54].



The studies by Kryza et al. [6] confirmed the favourable changes in the structure of the climate in Poland with respect to viticulture. The observed lengthening of the warm half-year and the shortening of the winter period are, undoubtedly, other factors promoting the expansion of viticulture [55,56,57,58]. The changes in temperature are reflected in the length of the vegetative period and the period of active growth, with changing dates of the beginning and the end [59]. Greater changes are observed in terms of the date of the beginning, which show a tendency to begin the vegetative period earlier [59,60,61]. The global warming recorded so far is also evident in the increasing trends for sums of active temperatures of more than 8 and 10 °C and for latitude temperature index (LTI) [6,44].



Given the accelerated global warming and the dynamic increase in the grapevine acreage in Poland, the present paper aims to provide a comprehensive assessment of the climatic conditions for the purpose of grapevine cultivation, which allows for determination of the areas with the potential for viticulture.




2. Materials and Methods


For the purpose of establishing the thermal conditions for viticulture in Poland, daily air temperature (at) 200 cm above ground level (mean, maximum and minimum) for individual years in the period 1971–2019 was used. The data were obtained from 52 meteorological stations of the Polish Institute of Meteorology and Water Management—National Research Institute (IMGW-BIP), evenly distributed over the area of Poland. Following Myśliwiec [62], under the conditions of the climate of Poland, vineyards should be established up to the altitude 300–400 m above sea level. With this in mind, the analysis includes stations located at altitudes of less than 400 m asl.



Using data obtained from the National Agricultural Support Centre [7], the following were calculated: mean yield of grape for the whole country (q/ha) and the volume of wine production (hL/ha) in subsequent years from 2009/2010 to 2018/2019 (Table 1).



The changes in air temperature in Poland per year (January–December), during the vegetative season (April–September), in January and July, as well as during the active growth of grapevine (at >10 °C) were assessed from a temporal and spatial perspective. The variability of temperature in the subsequent years of the period 1971–2019 was discussed in detail based on the example of three stations (Wrocław, Warszawa, Białystok), which are representative of different climate regions of Poland. Moreover, temperature deviation (°C) recorded in subsequent years against the mean value of the reference period World Meteorological Organization (WMO) 1981–2010 is provided. The spatial distribution of individual characteristics was analysed in terms of the whole area of Poland.



The time of active growth of grapevine, i.e., the period with air temperature of more than 10 °C, was calculated using the Gumiński method [63], which is still referred to in numerous scientific studies [57,61,64,65]. The dates of the beginning and end, as well as the duration of the said period were determined. For the periods identified in the aforementioned way, the sums of active temperatures (SAT) were calculated. Additionally, to complement the SAT index, the present study provides the calculated values of latitude temperature index (LTI), which determines the maturation potential of grapevines and is the product of the average temperature of the hottest month in a year (°C) and degrees latitude of the area under analysis [42].



A significant threat to grapevine during active growth is posed by frost and, in the cold half-year (October–March), by sub-zero minimum air temperature. For these reasons, the number of days with frost at 200 cm agl and, in the cold period, the frequency of years with air temperature below <−10°, <−20° and <−30 °C were identified.



In the final stage of the present study, for every meteorological station, the magnitude of deviation (%) of the multiannual air temperature values was calculated for the year (January–December), the warm half-year (April–September), and July, as well as the sum of active temperatures (SAT) and the duration of the period with air temperature >10 °C against mean values for the whole country. The totalised percentage of deviation for the aforementioned characteristics was charted, which allowed for the assessment of the relative spatial differentiation of climate conditions in Poland. On such grounds, the potential areas for viticulture in Poland were identified. Additionally, the following were used in determining the boundaries of said areas: the spatial distribution of the sums of the lowest sub-zero temperatures in a month <−10 °C, the number of days with frost [66], and the dates of the beginning and end as well as the duration of the active growth of grapevine.



The final sections of the present paper provide thermal characteristics of the identified potential areas for viticulture in Poland, keeping in mind that thermal conditions are a crucial, yet not the only, element of climate that affect variability and the volume of grapevine yield.




3. Results and Discussion


3.1. Grape Yield in the Period 2009/2010–2018/2019


According to estimates by the National Agricultural Support Centre [7], in recent years there has been a dynamic increase both in the number of growers (from 21 in 2009/2010 to 294 in 2019/2020) as well as in the total grapevine cultivation area in Poland (from 36.0 to 468.6 ha) (Table 1). Consequently, there has been a significant increase in total grape harvest (from 598 to 18746 quintals), with a recent predominance of white grapes over red grapes.



In the analysed 10-year-long period, an increase in the yield per hectare from 19.7 q/ha in 2009/2010 to 62.4 q/ha in 2018/2019 can be attributed to the introduction of more efficient varieties of grapevine and the ongoing global warming. It is worth emphasising that despite the positive trend of grapevine yield, individual years were characterised by a great variability of its volume. Exceptionally unfavourable was the season of 2012/2013 (21.2 q/ha), characterised by a cold winter, and 2017/2018 (33.3 q/ha) with atmospheric drought. On the other hand, particularly favourable, considering the climate of Poland, was the season of 2018/2019, which produced a high yield—62.4 q/ha. As a consequence of the high yield, a positive trend in total wine production in Poland was observed—from 13.6 to 42.4 hL/ha. Low wine production was recorded in the seasons 2009/2010 (13.6 hL/ha) and 2012/2013 (13.3 hL/ha).



Apart from the dynamically increasing grapevine cultivation area in Poland (more than 1 ha), there is an increasing trend in the number of small vineyards (less than 1 ha), often located in agro-tourism farms [5,22,40,67]. Most vineyards are located in Podkarpackie and Małopolskie voivodeships, followed by Lubuskie, Lubelskie, Dolnośląskie and Świętokrzyskie voivodeships [40]. Currently, the largest grapevine plantation (>34 ha) is not located in the traditional area of viticulture in the south of Poland, but in the vicinity of Pyrzyce in Zachodniopomorskie voivodeship.




3.2. Temporal Distribution of Air Temperature 1971–2019


The dynamic growth in the number of grapevine plantations in Poland is predominantly the result of the ongoing climate warming, particularly after the year 1998, which is confirmed by the data presented in Figure 1 and Figure 2 developed for three stations that are representative of different climatic regions of Poland: from warmer (Wrocław), through moderate (Warszawa) to colder (Białystok).



In Poland, in the analysed period of 1971–2019, there is a positive highly statistically significant linear trend of the mean annual air temperature as well as temperature during the vegetative period (April–September)—the highest values were recorded for Wrocław (R2 = 0.482 and 0.656) and Warszawa (R2 = 0.421 and 0.576), with markedly lower values for Białystok (R2 = 0.287 and 0.400). In the analysed period (1971–2019), there was an increase in the mean annual air temperature from 0.051 °C per year in Wrocław to 0.036 °C per year in Białystok, and in the vegetative period (April–September) the increase was more pronounced—0.065 °C and 0.040 °C—a fact promoting the establishment of vineyards in the north-west and west of Poland. Positive deviations of annual mean air temperature and that of the vegetative period were found to be particularly great after 2013—from 1.0 °C to more than 2.0 °C (Figure 1 and Figure 2). The results are in line with the spatial average for the whole area of Poland—in the subsequent decades in relation to the analysed period, there was a pronounced increase in the mean air temperatures in January, in July and in the year (Figure 3a,b), which significantly exceeds the criteria given in the literature on the subject concerning intense viticulture [62].



The consequences of the observed positive trend in temperature are the changing dates of the beginning and end of as well as the duration of the active growth period, which begins at >10 °C. As is shown in Figure 3c–e, a marked earlier beginning in the spring and later end in the autumn result in a significant lengthening of its duration—for Poland, on average, from 150 days in the decade 1971–1980 to 176 days in the most recent years (2011–2019).



The trend of the length of the active plant vegetation period calculated for the stations in the analysed multiannual period 1971–2019 is positive and highly statistically significant, yet the R2 values decrease from the west to the east of the country (Figure 4). Since 1998, the subsequent years showed almost exclusively positive deviations in the length of the active growth period, particularly in the stations in Wrocław and Warszawa. The greatest positive deviations of the length of this period were observed in the years 2000, 2014, 2018 and 2019.



In the determined period of plant active growth (at >10 °C), the sums of active temperatures (SAT), i.e., the index commonly used for the purpose of the assessment of thermal conditions for viticulture, were calculated. As is shown in Figure 5, SAT values calculated for the selected three stations demonstrate a positive, highly statistically significant trend in the period 1971–2019 for Wrocław (R2 = 0.678) and Warszawa (R2 = 0.605), and slightly weaker for Białystok (R2 = 0.371). Very high as well as very low values of SAT index in individual years may be related to fluctuations in grapevine yield (Table 1). After the year 1998, SAT values in the following years amounted to more than 2500 °C in Wrocław and Warszawa, respectively, reaching 3647 and 3539 °C in 2018. Additionally, in Wrocław, since 2013, each year’s SAT values were higher than 3000 °C (Figure 5).



Despite the climate warming, the observed spring and autumn frosts still pose a threat to grapevines in Poland [37,43,66,68]. According to Figure 6, the number of days with frost recorded at the altitude of 2 m agl markedly decreases in the analysed multiannual period 1971–2019, which only confirms the negative, highly statistically significant trend. It can be assumed that in the western and central parts of the country, frost putting the plantation at risk occurs with a frequency of 1–2 years per 10, and in the eastern part of Poland 2–3 years per 10.



A significant risk to viticulture in a given area is also posed by a low sub-zero air temperature recorded mainly from December to February, and at times as late as till March (Table 2). Most frequently, such risks occur in January, for example in the region of Wrocław the frequency of years with a temperature below −10 °C amounts to 71.4%, and below −20 °C amounts to 16.3%; in the region of Warszawa, respectively, it is 83.7% and 22.4%, and in the region of Białystok, 87.8% and 40.8%. With the exception of the west of Poland, in the remaining area of the country there is a possibility of a very rare occurrence of a temperature below −30 °C, but only in January.




3.3. Spatial Distribution of Air Temperature


The dominanting effect of the warm oceanic air masses from the west and the cool continental masses from the east makes air temperature isotherms in January longitudinal, from 0.0 °C along the lower course of the Odra River and on the shores of the Baltic Sea to −3.5 °C in the Suwalskie Lakeland (Figure 7a). According to Bosak [42], areas where the temperature in January is not lower than −1.5 °C are suitable for relatively safe cultivation of Vitis vinifera L, without the necessity of covering the vines in winter. In January, the isotherm of −1.5 °C determined for the period 1971–2019 runs from the north to the south, almost through the centre of Poland, along the lower course of the Vistula river, through Toruń, Konin and further towards Bielsko-Biała. However, it must be emphasised that in recent years (2000–2019), there has been a shift in the isotherm of −1.5 °C towards the east. In turn, in July in the period of 1971–2019, the latitudinal course of isotherms is determined by sun angle and altitude asl. The mean values of air temperature in this month range from 17 °C in the higher parts of the Pomeranian Lakeland to 18.5 °C in the central lowland area of Poland, and locally they can amount to 19 °C (Figure 7b). Therefore, almost the whole area of Poland meets the viticulture criterion of air temperature in July of >17 °C specified in the literature on this subject.



In turn, during the vegetative period, the air temperature conducive to viticulture, as given by the literature on the subject, should be >14 °C [42,69]. Such temperature values were identified for approx. 80% of the country’s area, yet the most favourable conditions in this period are recorded in the south-west region of Poland and the Sandomierz Basin (Figure 7c).



Another thermal criterion taken into account in the literature on the subject is mean annual air temperature >8.0 °C [42,69]. These values are characteristic for the areas located west of the San and Vistula Rivers (off the hills of the Pomeranian Lakeland), along the Odra River—the areas from the mouth of the Nysa Łużycka River to Szczecin and from Racibórz to Legnica—where the values are as high as over 9.0 °C (Figure 7d).



In Poland, high variability of thermal conditions on a year-to-year basis is demonstrated by high variability of the dates of the beginning and end of and, consequently, the duration of the active growth period (at >10 °C) (Figure 3c–e). In the analysed multiannual period, the beginning of the period occurred markedly earlier, particularly in the west of the country, by more than 20 days. In turn, the dates of the end of this period are recorded increasingly late. As a result, the duration of the active plant vegetation period shows a pronounced lengthening (by more than 23 days), especially in the west of the country (Figure 4 and Figure 8c,d), which is favourable for viticulture and obtaining a satisfactory yield.



In Poland, the average date of the beginning of the period with a temperature of more than 10 °C is 26 April, yet the earliest date is recorded in the basin of the Odra River (before 22 April), and the latest date in the zone of the Baltic Sea coast (after 4 May) (Figure 8a). The vicinity of the Baltic Sea and the elevation of the Pomeranian Lakeland cause the spatial differentiation of the dates of the beginning of the period with a temperature of >10 °C to be greater in Pomerania than in other areas of Poland [70].



In turn, the date of the end of this period in Poland falls on 6 October. The earliest date, i.e., on average before 28 September, is recorded in the Suwalskie Lakeland, and towards the west it occurs increasingly later—as late as 10 October (Figure 8b). It is assumed that for the varieties cultivated in Poland, the length of the period with air temperature >10 °C should be at least 160 days [42]. Isarithms of this value run from Rewal on the coast, through Piła, Świecie and Płock to Siedlce, and also on the Karpackie Foothills and the Sudeckie Foothills (Figure 8c). The period of the longest duration—on average longer than 170 days—occurs along the valley of the Odra River and in the Sandomierska Basin, where for many years vineyards are being dynamically established.



A significant climate warming in the last 10-year-long period (2010–2019) resulted in the lengthening of the duration of the period with a temperature of >10 °C by as much as 10 days, as compared to the average in the period 1971–2019. Consequently, the isarithm of 160 days runs through the Suwalskie Lakeland, in the higher parts of the Pomeranian Lakeland, and in almost the whole area of the basin of the Odra River and in the Sandomierska Basin the analysed period is more than 180 days long (Figure 8d)—creating favourable conditions for the cultivation of vines with increased thermal requirements.



As has already been mentioned in the previous subsection, SAT is an important index used for the assessment of the thermal conditions in the area for viticulture [48,69]. The values of SAT determine which variety can be cultivated in a given area, for example, very early 2000–2200 °C, early 2200–2500 °C, medium-early 2500–2700 °C, medium-late 2700–2900 °C, and late >2900 °C [41].



In Poland, the average SAT values in the period 1971–2019 range from 2300 °C in the Suwalskie Lakeland to more than 2700 °C in the Sandomierska Basin. Along the Odra River, in the regions of Opole and Wrocław, the values exceed 2750 °C (Figure 9a). The isarithm of the recommended SAT value >2500 °C covers more than 60% of the country’s area, and its northern boundary runs from Świnoujście through Piła, Świecie, and Mława to south of Hajnówka. It is noticeable that a very high gradient of SAT value (from 2450 to 2650 °C) is recorded in the southern parts of the Pomeranian Lakeland and the Masurian Lakeland (Figure 9a). In the areas with mean annual SAT values of more than 2700 °C, the varieties with increased thermal requirements are suitable for cultivation, for example medium-early, and locally under favourable physiographical conditions (hillside with S and SW exposure, vicinity of water reservoirs and forests, warm soil) even medium-late varieties [69]. The possibility of cultivation of the latter variety is indicated by the values of SAT for the period 2010–2019, amounting to below 2500 °C in the Suwalskie Lakeland and more than 2900 °C in the basin of the Odra River. In the area of Opole and Wrocław as well as in the Sandomierska Basin, the values are above 3000 °C (Figure 9b), i.e., the same as in the Upper Rhine Plain. It can be assumed that every 10 years, the values of SAT will continue to increase to approx. 110 °C in the coastal zone, the higher parts of the Pomeranian Lakeland and the Suwalskie Lakeland, and to approx. 140 °C in Lower Silesia, the Wielkopolska Plain and the Sandomierska Basin. However, the possibility of occurrence of unfavourable years must be taken into account, including cold winters and cool vegetative periods (2–3 times every 10 years), which bring about a reduction in the yield. Therefore, according to common practice, the SAT values of >2500 °C adopted for intense cultivation of this plant should be increased by approx. 100 °C.



The literature on the subject often complements the values of the SAT index with the values of the latitude temperature index (LTI), which expresses the maturation potential of grapes with respect to latitude [42,71]. The higher the values, the greater the maturation potential of grapes in a given area. In light of Figure 10a, LTI values show a latitudinal distribution, increasing on average to approx. 100 in the Koszalińskie Coast to more than 180 in the Sandomierska Basin, the area of Kraków and Racibórz, and the Karpackie Foothills. The value of the LTI isarithm of 130 shows a comparable course to the SAT isarithm of 2500 °C in the country’s area (Figure 9). According to Figure 10a, satisfactory grape maturation is recorded to the south of the LTI isarithm of 130, and favourable to the south of the LTI isarithm of 170, where most of the vineyards in Poland are located. In Poland, the values of LTI index in the last decade (2010–2019) are comparable to those for the period of 1971–2019—higher on average by 10 units—and range from 100 in the area of Ustka and Łeba to more than 190 in the south-east of Poland. It is worth mentioning that the area with the highest LTI values >180 is representative of the viticulture regions of Champagne in France (191), Mozel (184) and Rheingau (188) in Germany, and Mìlnik (187) in the Czech Republic [43].



A large threat in the cold half-year can be posed by sub-zero air temperatures below −10 °C [41]. Therefore, the present paper totals the sub-zero temperatures below −10 °C recorded from October to March and presents the mean values for the period 1971–2019 (Figure 10b). The values of these sums are below −30 °C near the coast and along the lower course of the Odra River. Towards the east of the country, the magnitude of the discussed sub-zero air temperature sums shows a marked increase to −50 °C, and in the north-east part even to −60 °C, consequently constituting a potential risk for vineyards (Figure 10b).




3.4. Attempt to Determine the Potential Areas for Viticulture


The last stage of the study was an attempt to determine the areas of diverse thermal relations with respect to intense viticulture in Poland. As a result of the analysis based on the values of deviations calculated for each of the 52 stations, in terms of the differences in the previously discussed five basic thermal characteristics (air temperature: in July, the vegetative period April–September, and the year January–December; the duration of the plant’s active growth >10 °C; and SAT) compared to the average spatial value for Poland, five areas were determined (Figure 11, Table 3).



The most favourable thermal conditions for viticulture in Poland are recorded in the area adjacent to the Odra River valley from Opole to Wrocław and Legnica (area IA), followed by the area along the basin of the Odra River (with the exception of the Warta River basin), from Racibórz to Szczecin (area I). Comparable thermal conditions are found in the Sandomierska Basin (area I). In areas I and IA, the values of the basic thermal characteristics significantly exceed the threshold values adopted in the literature on the subject, which favours the cultivation of grapevines with increased thermal requirements [40,43]. The values of SAT for the period 1971–2019 amount to, on average, from 2660 °C to 2700 °C, and for the period 2010–2019, amount to more than 3000 °C. The values of LTI show an increase from the north to the south from approx. 130 to approx. 180. In the delineated areas I and IA, some limitation is imposed by the occasional occurrence of cool years and years with a shortened period with at >10 °C, on average 2–3 cases per 10 years.



Area II extends from the Karpackie Foothills through the area adjacent to the Warta River valley to the Szczecin Lagoon (Figure 11). This area is slightly cooler than area I, particularly in winter; however, the thermal requirements for viticulture are markedly exceeded. Consequently, area I and area II have most of the vineyards in Poland. Along the shift from the north-west towards the south-east of Poland, the values of SAT index increase from approx. 2650 °C to approx. 2700 °C for the period 1971–2019 and from approx. 2800 °C to approx. 2900 °C for the period 2010–2019. Similarly, LTI values show an increase—from approx. 120 to approx. 180.



Most of the country is determined as belonging to the identified areas III and IIIA, which extend from the coast over the Pomeranian Bay to the Bug River valley (Figure 11). The thermal conditions identified for those areas also meet the basic, minimum criteria for viticulture, including the criterion of SAT values from 2500° to 2600 °C and an average duration of the period with a temperature of >10 °C of 160–166 days (Table 3). Area III is characterised by markedly colder winter periods, as compared to area IIIA. The isarithm of 2500 °C (SAT) (Figure 9) shows a similar course to that of the northern boundary of area III. The ongoing global warming will continue to improve the thermal conditions in areas III and IIIa and, consequently, will lead to an increase in the number of vine plantations.



The current thermal conditions in area IV are not conducive to viticulture, particularly given the low air temperature in winter, shortage of sums of active temperatures >10 °C, short periods with a temperature of >10 °C and very low values of LTI index (110–130).



The least conducive thermal conditions for viticulture are observed in the identified areas V and VA where, apart from air temperature in July, the remaining characteristics do not meet the adopted criteria, particularly with respect to SAT and LTI values as well as the duration of the period with temperature >10 °C.



The identified areas do not take into consideration the regional variability of thermal conditions, which due to altitude asl, land exposure, vicinity of water reservoirs and forests, and the type of soil may create more or less conducive conditions for viticulture than what is shown in the macrothermal assessments for a given area provided herein.





4. Conclusions


An assessment of the temporal and spatial distribution of several thermal characteristics of air in the multiannual period 1971–2019 has been carried out, which has allowed us to produce results and conclusions as well as to determine five potential areas for viticulture in Poland with respect to thermal conditions:




	
In the multiannual period under analysis, there is a dynamic increase in air temperature over the area of Poland, especially after the year 1987, as well as in the sums of active temperatures (SAT) and the duration of the period of the plant’s active growth (at >10 °C).



	
Acceleration occurrence of the dates of beginning of the period with air temperature >10 °C in spring is almost twice then their delayin the autumn.



	
The ongoing global warming results in a significant shift to the north of the country (from 100 to 150 km) of the current boundary of intense viticulture and is conducive to the introduction of new varieties with increased thermal requirements.



	
The greatest increases in air temperature and SAT values were found in the south-west and west of Poland, with a marked decrease shown towards the north-east and east.



	
Despite the observed global warming, the occasional (2–3 times per 10 years) occurrence of cold years with a shortened duration of the period with at >10 °C must be taken into account, particularly in the south-west and west of Poland.



	
In the southern area of the Pomeranian Lakeland and the Masurian Lakeland, a very high gradient of SAT was identified.



	
In approx. 60% of the country’s area, there are favourable and moderately favourable thermal conditions for intense viticulture (areas I and II). Favourable thermal conditions for grapevine cultivation in areas I and II are recorded, on average, in 3–4 years per 10.



	
The physiographic conditions of a given area, i.e., elevations and slope exposure, vicinity of water reservoirs and forests as well as the type of soil, may considerably affect the thermal relations in the five potential areas for viticulture determined in the present paper.



	
The current thermal conditions and the ongoing global warming make the area of Poland an attractive location for viticulture.
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Figure 1. Mean annual air temperature 1971–2019 with the trend (a) and deviation from the multiannual values 1981–2010 (b) in selected stations in Poland: Wrocław, Warszawa and Białystok. 
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Figure 2. Mean air temperature during the vegetative period (April–September) in the period 1971–2019 with the trend (a) and deviation from the multiannual values 1981–2010 (b) in selected stations in Poland: Wrocław, Warszawa and Białystok. 
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Figure 3. Mean air temperature in the year (a) and in January and July (b); the dates of the beginning (c) and end (d), and duration (e) of the active growth period of >10 °C; and the sum of active temperatures (SAT) (f) in 10-year-long periods in Poland. Years 1971–2019. 
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Figure 4. Mean number of days of the active growth period (at >10 °C) in the period 1971–2019 together with the trend (a) and deviation from the multiannual values 1981–2010 (b) in selected stations in Poland: Wrocław, Warszawa and Białystok. 
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Figure 5. Mean sum of active temperatures (SAT) in the period 1971–2019 together with the trend (a) and deviation from the multiannual values of 1981–2010 (b) for selected stations in Poland: Wrocław, Warszawa and Białystok. 
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Figure 6. Mean number of days with frost at 2 m agl (a) in Poland in the period 1971–2019 with deviation (b) from the multiannual values of 1981–2010 in selected stations in Poland: Wrocław, Warszawa and Białystok. 
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Figure 7. Distribution of air temperature in January (a), in July (b), in the vegetative period (April–September) (c) and in the year (January–December) (d). Years 1971–2019. 
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Figure 8. Dates of the beginning (a) and end (b) of the active plant growth (with at >10 °C) from the period 1971–2019 and its duration from 1971–2019 (c) and 2010–2019 (d) in Poland. 
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Figure 9. Distribution of sum of active temperatures (SAT) values in a year in Poland. Years: 1971–2019 (a) and 2010–2019 (b). 
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Figure 10. Distribution of latitude temperature index (LTI) (a) values and the sums of sub-zero temperatures <−10 °C in the cold half-year (b) in Poland. Years 1971–2019. 
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Figure 11. Potential areas for viticulture in Poland with respect to thermal conditions. 
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Table 1. Vine yield in 2009–2019 in Poland.
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Marketing Year

	
The Number of Producers (in the Records)

	
Total Area of Vine Cultivation (ha)

	
Area of Vine Harvest for Wine Production (ha)

	
Total Vine Harvest (quintals)

	
Volume of Wine Production

(hL)

	
Total Harvest of Vine

per ha




	
Red

	
White

	
Red

	
White

	
Quintals

	
hL






	
2009/2010

	
21

	
36.01

	
30.35

	
301.9

	
296.3

	
174.5

	
237.9

	
19.7

	
13.59




	
2010/2011

	
20

	
37.02

	
28.90

	
369.3

	
342.0

	
245.0

	
192.1

	
24.6

	
15.12




	
2011/2012

	
26

	
51.28

	
20.98

	
222.6

	
461.4

	
173.4

	
255.1

	
32.6

	
20.42




	
2012/2013

	
35

	
96.87

	
67.99

	
692.0

	
748.1

	
463.0

	
440.0

	
21.2

	
13.28




	
2013/2014

	
49

	
99.49

	
84.07

	
1561.0

	
1593.1

	
1021.3

	
958.0

	
37.5

	
23.54




	
2014/2015

	
76

	
134.35

	
130.97

	
2233.2

	
2285.1

	
1315.1

	
1422.0

	
34.5

	
20.90




	
2015/2016

	
103

	
194.24

	
161.50

	
3640.8

	
4477.4

	
2380.1

	
2755.2

	
50.3

	
31.80




	
2016/2017

	
150

	
221.23

	
204.60

	
4769.2

	
6125.5

	
3119.6

	
3874.2

	
53.2

	
34.18




	
2017/2018

	
201

	
331.38

	
240.74

	
3346.7

	
4681.6

	
2211.3

	
2995.8

	
33.4

	
21.63




	
2018/2019

	
230

	
394.84

	
300.57

	
7302.2

	
11443.6

	
4968.9

	
7781.5

	
62.4

	
42.42




	
2019/2020

	
294

	
468.57

	
-

	
-

	
-

	
-

	
-

	

	
-








Source: http://www.kowr.gov.pl, access: 26.03.2020, [7].
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Table 2. Frequency (%) of years with air temperature below 0 °C in the cold half-year. Years 1971–2019.
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Wrocław

	
Warszawa

	
Białystok




	
<−10 °C

	
<−20 °C

	
<−30 °C

	
<−10 °C

	
<−20 °C

	
<−30 °C

	
<−10 °C

	
<−20 °C

	
<−30 °C






	
X

	
-

	
-

	
-

	
-

	
-

	
-

	
4.1

	
-

	
-




	
XI

	
18.4

	
-

	
-

	
20.4

	
-

	
-

	
36.7

	
-

	
-




	
XII

	
53.1

	
6.1

	
-

	
59.2

	
8.2

	
-

	
77.6

	
24.5

	
-




	
I

	
71.4

	
16.3

	
-

	
83.7

	
22.4

	
2.0

	
87.8

	
40.8

	
2.0




	
II

	
57.1

	
10.2

	
-

	
67.3

	
10.2

	
-

	
85.7

	
30.6

	
-




	
III

	
22.4

	
2.0

	
-

	
30.6

	
4.1

	
-

	
57.1

	
10.2

	
-
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Table 3. Thermal characteristics of the identified areas of viticulture in Poland.






Table 3. Thermal characteristics of the identified areas of viticulture in Poland.





	
Areas

	
Mean Air Temperature (°C)

	
SAT Values (°C)

	
Active Growth Period with at >10 °C




	
I

	
VII

	
IV–IX

	
I–XII

	
1971–2019

	
2010–2019

	
Start Date

	
End

Date

	
Duration (Days)






	
IA

Highly conducive

	
−0.4 ÷ −1.0

	
18.8 ÷ 19.0

	
15.1 ÷ 15.4

	
9.0 ÷ 9.2

	
>2750

	
>3000

	
21–22 IV

	
10–12

X

	
173–174




	
I

Conducive

	
0.0 ÷ −1.5

	
18.5 ÷ 18.8

	
14.8 ÷ 15.0

	
8.8 ÷ 9.0

	
2650–2750

	
2900–3000

	
22–24 IV

	
8–11

X

	
170–171




	
II

Moderately conducive

	
−0.2 ÷ −2.5

	
18.2 ÷ 18.8

	
14.5 ÷ 15.0

	
8.2 ÷ 9.0

	
2650–2700

	
2800–2900

	
22–24 IV

	
6–10

X

	
168–170




	
IIIA

Poorly conducive

	
−0.3 ÷ −2.5

	
18.0 ÷ 18.7

	
14.0 ÷ 15.0

	
8.1 ÷ 8.5

	
2500–2650

	
2700–2900

	
23–29 IV

	
4–7

X

	
162–165




	
III

Poorly conducive

(with limitations)

	
−2.5 ÷ −3.2

	
18.1 ÷ 18.5

	
14.4 ÷ 14.7

	
7.8 ÷ 8.0

	
2500–2600

	
2700–2800

	
24–26 IV

	
2–5

X

	
162–163




	
IV

Unconducive

	
−0.5 ÷ −3.4

	
17.5 ÷ 18.3

	
13.8 ÷ 14.4

	
7.4 ÷ 8.4

	
2400–2500

	
2600–2700

	
26–30 IV

	
30 IX

−4 X

	
154–158




	
VA

Highly unconducive

	
−0.3 ÷ −2.5

	
16.9 ÷ 17.5

	
13.2 ÷ 13.6

	
7.4 ÷ 8.2

	
2300–2400

	
2500 2600

	
4–8 V

	
2–8

X

	
152–154




	
V

Highly unconducive (particularly in winter)

	
−2.0 ÷ −4.0

	
17.4 ÷ 18.0

	
13.4 ÷ 14.0

	
6.7 ÷ 7.7

	
2250–2400

	
2500–2600

	
30 IV −3 V

	
26 IX

−2 X

	
147–150
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