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Abstract

:

This research examines the transformation of the agro-climatic conditions of the Altai region as a result of climate change. The climate of the Altai region in Russia is sharply continental and characterized by dry air and significant weather variability, both in individual seasons and years. The current study is determined by the lack of detailed area-related analytical generalizations for the territory of the Altai region over the past 30 years. Most of the published data dealing with an integrated analysis of the agro-climatic conditions in the Altai region date back to the late 1960s and early 1970s; in most cases, this data is from climate reference-books based on the generalized data from the first half of the 20th century. To make accurate forecasts and to efficiently manage agricultural production in the Altai region, area-related data on the state and dynamics of agro-climatic changes have been analysed. The results reveal that in the period between 1964 and 2017, significant climatic changes occurred in the territory of the Altai region. These climatic changes affected the growing season length, which increased due to a shift in the dates of the air temperature transition above 10 °C, to earlier dates in spring and to later dates in autumn. Furthermore, the current study also revealed that the foothills of the Altai Mountains are the most moistened parts of the region and the Kulunda lowland is the most arid part. In the Altai region, the accumulated temperatures and amounts of precipitation during the growing season increased significantly, and the values of integrated coefficients and indices that reflect the moisture supply conditions for the territory also changed significantly. Based upon the results, a schematic map of the current precipitation distribution on the Altai region’s territory has been generated. These results and this map may be used to conduct more detailed studies in the field of agro-climatology and to update the current borders of agro-climatic areas and revision of the agro-climatic zonation scheme.
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1. Introduction


There is substantial concern regarding the influences of climate change and its variability on agricultural production across the world [1,2,3]. Topographical patterns of food production are affected by climatic variables such as temperature, precipitation, as well as the frequency and severity of extreme events [4,5,6]. Mjachina et al. [7] and Blumberga et al. [8] state that agricultural production is based upon the bio-production potential of the natural environment, and climate is a determining factor. Global warming has impacted agriculture in multiple ways since the 19th century [9]. The last five decades have also witnessed a continuing decline of food production in the world caused by unstable and intense climatic conditions such as high temperatures, as well as extended and colder winters [10,11]. Meanwhile, agricultural trade has grown dramatically due to an upsurge in mean annual air temperature throughout Russia [12,13]. The range of the mean annual temperature fluctuations throughout the country reached 3–4 °C while that for the globe slightly exceeds 1 °C) [14,15,16]. According to the Federal Service for Hydrometeorology and Environmental Monitoring of Russia, over the past 100 years (1907–2006), countrywide warming was 1.29 °C as compared to the reported average global warming of 0.74 °C (IPCC, 2007). Over the past 35 years, significant interannual variations of mean temperature have been observed against the background of a steady temperature increase [17] (Figure 1). Climate change has caused alterations in the distribution areas of flora species [18]. The main factors that determine crop zonation include the heat supply of the area, temperature fluctuations, and suitability of the length of warm, frost-free periods and growing season length to the cultivated crop requirements [19].



In recent years, in Russia, agroclimatological areas have been affected by global climate change, possible estimates of agro-climatic resources, and the adaptation of agricultural production. The main agro-climatic resources of the territory are determined by the indicators: heat supply, moisture supply and winter conditions. These indicators are developed on the basis of meteorological and agrometeorological observations. An important condition for the placement of agricultural flora in the territory is its agro-climatic zoning. Due to the geographical location and relief features of the Altai region, the climatic conditions are crucial for agriculture. The identification and use of potential climate resources are of distinct, practical importance [20]. The geographical position of the Altai Territory in the depth of the continent provides a relatively uniform flow of radiant energy. The relevance of this research is determined by the lack of detailed area-related analytical generalizations for the territory of the Altai region over the past 30 years. Most of the published works dealing with an integrated analysis of the agro-climatic conditions in the Altai region date back to the late 1960s and early 1970s; in most cases these works use the data of climate reference-books based on the generalized data from the first half of the 20th century [21,22,23]. To enable forecasts and to efficiently manage agricultural production in the Altai region as well to fill the research gap, area-related data on the state and dynamics of agro-climatic changes have been analysed. The research goal was to study the change of the state of agro-climatic resources of the Altai region under a changing climate.




2. Study Area


The Altai region (Figure 2) is located within two physico-geographical countries—West Siberian and Altai-Sayan countries. This location determines the climatic differences in the plain and the foothill and low mountain parts of the region. A significant part of the region lies within the plain and this leads to the distinct manifestation of heat and moisture zonation [24]. The openness of the territory from the north and west contributes to the penetration of the Arctic and tropical air masses, which lead to weather condition variability, and the intensive development of atmospheric processes [25]. The position of the Altai region between 51–54° N latitudes determines a significant amount of possible radiation [26].



The region’s territory features a high sun angle in the summertime (60–66°) and a long light day (up to 17 h). In the winter, when the sun angle is 13–19°, the energy supply is significantly reduced [27]. The climate of the Altai region is sharply continental. It is characterized by dry air, relatively low rainfall throughout the year, and significant weather variability both for individual seasons and years [28,29]. The general climatic features are determined not only by the geographical setting of the region, but also by the impact of the air masses, of different characteristics and origins, arriving in this territory. A long and cold winter, a dry and cold spring, a short and hot summer, and a warm and moderately wet autumn characterize the climate of the region. The entire territory of the Altai region is characterized by a mean annual air temperature of 1.4 °C. The coldest month is January (−17.9 °C), and the warmest month is July (+19.9 °C) [21,23]. The continental climate of the region is also distinguished by considerable diversity in the territory (Figure 3). The precipitation amount increases West-to-East (from 250 mm to 600 mm per year) [30,31], and the heat amount increases from Northeast to Southwest and South (Shulgin, 1948). Accordingly, the vegetation and soil cover changes from West to Southeast. Across Russia, moistening both on yearly and seasonal scales, increased slowly throughout the grain belt from 1936 to the early 1990s, i.e., for over 50 years [32,33,34]. In the Northwestern part of the grain belt, there was a decreasing trend in the yearly moistening. At the same time, there was no change in moistening at the beginning of the 21st century in the rest of the grain belt towards the east (part of the Central Chernozem region, the Volga region, the Trans-Volga region, the Pre-Ural region and West Siberia). It is important to emphasize that the change of summer moistening does not contradict the general positive trend of the yearly moistening, but it is more heterogeneous in this territory.




3. Data and Methods


The baseline data for this study were the file materials of the Altai Center for Hydrometeorology and Environmental Monitoring. The main information sources are the Agrometeorology yearbooks. The study includes the data from 31 meteorological stations (Figure 4) operating in the Altai region having continuous observation series from 1964 to 2017. For the value of the norm, data from the Handbook on the Climate of the USSR are taken, in which the averaging for 1881–1960 was [35]. The probabilities of climatic elements are derived from a series of observations over 30–35 years [36]. This research presents a comprehensive assessment of the state and dynamics of the main area-related agro-climatic indices which may be used to adjust the boundaries of the agro-climatic zones of the Altai region.



The research goal was to study the change in the state of agro-climatic resources of the Altai region under a changing climate, and determine possible adjustments of the current boundaries of the agro-climatic areas to optimize the placement and cultivation of adapted crops. The research targets were the agro-climatic resources of the region: heat supply, moisture supply, growing season length and their changes in time intervals for the agro-climatic areas of the Altai region. Agro-climatic resources are defined as a set of conditions that determine the yields of the crops cultivated in a region and the productivity of farm animals [37]. Data analysis was carried out by using the following statistical (mathematical formula) procedures: Equation (1) and Geographical Information Systems (GIS). Trends in time series were appraised by the ‘least squares method’. The reliability of detected trends was evaluated using student’s criterion at a 5% significance level. Correlation analysis was used for the assessment of the spatial and temporal consistency of meteorological parameters. To analyse the dynamics of moisture supply in the agro-climatic regions of the Altai region, with respect to climate change trends, calculations were conducted of the amount of precipitation per year and the growing season (with the air temperature of more than 10 °C).



The calculation of the dates of steady transition of temperatures through a specific limit is determined by comparing the positive and negative deviations of the sums of average daily temperatures from the specified limit. A positive deviation is considered when the average daily temperature exceeds the limit. For the date of steady temperature transition through 10 °C in spring, the first day of the period is taken where the sum of positive deviations exceeds the sum of negative deviations for any of the subsequent periods with negative deviations. A similar process determines the date of steady transition in the autumn The calculation of the first and last days of the growing season is conducted by considering the average daily temperatures for the spring months between April and June and for the autumnal months between August and October; all periods with positive and negative deviations are found, and for each period the sum of the positive and negative deviations is calculated. Then, the obtained amounts of positive and negative deviations are compared, and guided by the above rules, determine the periods of days that can be taken as the beginning (spring) or end (autumn) of a steady transition of temperature through 10 °C.



To assess the growing season, we have taken a period with air temperatures above 10 °C, which coincides with the beginning and end of the active growing season of most agricultural crops in the Altai Territory [38]. The values of the hydrothermal coefficient of Selyaninov (HTC) at the meteorological stations were conducted.


HTC=R∗10∑t



(1)




where R is the total precipitation in millimeters over a period with temperatures above 10°; Σt is the accumulated temperatures in degrees during the same period. Hydrothermal coefficient (HTC) is a characteristic of the moistening of a territory (moisture supply). Spatial analysis of the studied characteristics and visualization of its results performed by ArcGIS version 10.3.1 (Esri, Redlands, CA, USA) and graphs have been created by Python 3.6 + matplotlib 3.0.2.




4. Results and Discussion


4.1. The Change of Heat Supply of the Territory


Based on calculations of the data collected from the 31 meteorological stations, the Altai region’s mean annual air temperature and mean July temperature increased (Figure 5). Heat supply was increased in all agro-climatic areas and meteorological stations of the Altai region; this is a favorable factor for agricultural production. However, the adaptation of Russian agriculture to climate change in the 21st century should be based, among other things, on the optimization of winter and spring crop ratios, the extension of the areas under warm-season, as well as stubble crops and the development of irrigated agriculture.




4.2. Assessment of Moistening and Moisture Availability


The obtained results were averaged according to the agro-climatic areas (Table 1).



According to the obtained results, the precipitation amount during the growing season in all areas has increased and exceeds the upper normal values. The percentage of precipitation during the growing season in all areas does not exceed 70% and averages 61.8% for the region. When averaged, the HTC in all agro-climatic areas reaches the upper limit; while for individual meteorological stations, this index is above the average and exceeds the normal values. In the moderately warm, moist, mountain areas, the HTC exceeds the upper normal values and amounts to 1.8 (Figure 6). The results obtained are consistent with the data from studies conducted for the south of West Siberia [38] which revealed steadily increasing trends of growing season precipitation in most parts of the territory, but nevertheless, the moistening coefficient of the HTC in the studied territory changed slightly.



The current distribution of growing season precipitation is presented in Figure 7. The foothills of the Altai Mountains are the most moistened parts of the region; the most arid part, with critical values less than 200 mm, occupies a significant part of the Kulunda lowland.



The temporal dynamics of the yearly precipitation amounts, growing season precipitation and HTC are shown in Figure 8 and Figure 9.



The observations in the moderately warm, moist, mountain agro-climatic areas between 1964 and 2017 reveal the increase of total yearly precipitation and total growing season precipitation with a more intense increase of growing season precipitation than in other areas. Growing season precipitation, as a percentage of the total yearly precipitation, increased during this period. The HTC in this area has increased most significantly compared to the rest of the region’s territory; notably there are positive trends in the dynamics of precipitation and HTC in other agro-climatic areas.




4.3. Assessment of Growing Season Length


When describing agro-climatic resources, special attention is paid to the growing season. The growing season is the period of a year when plant growth and active development under given climatic conditions are possible [39]. The temperatures at the beginning and at the end of crop growth [36] are taken as the climatological characteristics of a growing season. For a territory with a temperate climate, the growing season corresponds to a timespan of a calendar year when the mean daily air temperature exceeds 10 °C. The beginning of late spring crop sowing and the termination of killing frosts are associated with the temperature transition above 10 °C.



To assess the change of the growing season length, the data on the transition date of the mean daily air temperature above 10 °C in spring and autumn was selected from agro-climatic yearbooks. Based on these data, the growing season length in days was calculated. In a similar way, the lengths of the periods with the mean daily air temperature above 0 °C and above 5 °C were calculated and grouped according to the agro-climatic areas of the Altai region (Table 2). The averaged data of the USSR Climate Reference-Book [35] were taken as the normal; the data averaging was made for 1881–1960. The normal indices were not calculated for all observation points as some of them had a short observation series or did not exist yet.



For each calculation period in the agro-climatic areas of the Altai region, lengthening is observed (Table 2). On the average in the region, the length of the period with temperatures above 10 °C has increased by 7 days. In terms of this index, these areas come close to the mean Russian values, but in some agro-climatic areas, the changes in growing season length are much lower than the Russian indices. This index is also below the Russian values in Transbaikalia [40], its greatest increase, which amounted to more than 10 days, occurred mainly in the southern part of that region belonging to the agricultural zone. The ‘Overall Summary of the Roshydromet Second Assessment Report on Climate Change and its Effects on the Territory of the Russian Federation’ states that between 1976 and 2012, the growing season (the period of a year with the mean daily temperature above 10 °C) has lengthened by 14–16 days on average [17].



To assess the shift in the length of the period with temperatures above 10 °C, we calculated the transition date shift of the mean daily temperature above 10 °C in summer and autumn. For a large part of the observation points, the average dates of the air temperature transition above 10 °C in spring fall on the first ten-days of May. For many meteorological stations, the shift of the transition date from the second ten-days of May to the first ten-days can be seen. On average for the region, the deviation from the normal is four days. The deviation from the normal in the autumn period is not that significant, although on average, the shift of the transition date of the mean daily temperature above 10 °C to a later date also occurs. In the autumn, the date shift occurred either within one ten-day period, or from the second to the third ten-days; with on average, a shift of 3 days. Therefore, based on the research, it may be concluded that over the period between 1964 and 2017, the length of the period with temperatures above 10 °C lengthened by seven days as compared to the normal, on average, in the agro-climatic areas of the Altai region. All observation points reveal the shift of the spring date of the steady transition of the air temperature above 10 °C, which corresponds to the beginning of the growing season, to an earlier date; from the second to the first ten-days of May. In the autumn, the transition date shifted to a later date in the second half of September.





5. Conclusions


The climatic changes (heat supply, moisture supply, and growing season length and time intervals for the agro-climatic areas) of the last few decades, observed throughout the Altai region, have a significant impact on the development of agriculture. In this regard, it is essential to use up-to-date indices that reflect the current agro-climatic features for this territory; this may become an important factor for increasing agricultural output. The climate has an influence on human and agricultural activity in Siberia, as agrometeorological indices are characterized by inter-annual variability and determine the generally low level of crop yields and significant yield variations over the years. Over the course of the research, the current state of knowledge in Russian literature and the agro-climatic resources assessment techniques were reviewed. A large part of the Russian methods and techniques belong to the second half of the 20th century. There are few examples of data or research work devoted to the assessment of agro-climatic conditions at the present time, and to a large extent, they deal with the improvement of existing techniques. The assessment scheme of agro-climatic resources of any territory remains unchanged for a long time in this context, with the main constituents being the assessment of the growing season length, and the dates of steady temperature transition above 10 °C, heat supply of a territory and the conditions of moistening and moisture supply. Integrated techniques are supplemented by an assessment of the cold period conditions, soil and climatic conditions, and phenomena harmful to agriculture. One of the main difficulties in performing such assessment work is the lack of data, data incompleteness and the discontinuity of observation series. This paper analyses the spatial and temporal structure of the agro-climatic resources. It is shown that over the period from 1964 to 2017, significant climatic changes occurred in the territory of the Altai region and this affected agro-climatic characteristics. In the study period, the growing season length in the Altai region increased due to a shift in the dates of the air temperature transition above 10 °C to earlier dates in spring and later dates in autumn. The accumulated temperatures and amount of precipitation during the growing season increased; the values of integrated coefficients and indices that reflect the conditions of moisture supply to the territory also changed. The research reveals that more detailed studies in the field of agro-climatology are required, updating the current borders of agro-climatic areas, and revision of the agro-climatic zonation schemes. More detailed data will enable the issue of crop production efficiency to be addressed more competently, accurately and effectively.
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Figure 1. The changes in anomalies of average annual surface air temperature over the territory of Russia during 1886–2012. The anomalies are calculated as deviations from the averages for 1961–1990. The bold curve shows the smoothed course of temperature (11-year moving averages). Vertical segments show a 95% confidence interval for 11-year averages. The red line is the trend for 1976–2012 [17]. 
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Figure 2. Physiographic map of the Altai region. 
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Figure 3. Agro-climatic zonation of the Altai region. Modified from Agro-climatic resources of the Altai Territory 1971 [22]. 
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Figure 4. Meteorological stations of the Altai Region. 
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Figure 5. The mean annual temperature dynamics in the Altai region (1964–2017). 
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Figure 6. Hydrothermal coefficient of the growing season. 
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Figure 7. Schematic map of growing season precipitation distribution, mm. 
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Figure 8. Precipitation dynamics in the moderately warm, moist, mountain area. 






Figure 8. Precipitation dynamics in the moderately warm, moist, mountain area.



[image: Agriculture 09 00068 g008]







[image: Agriculture 09 00068 g009 550]





Figure 9. HTC dynamics in the moderately warm, moist, mountain area. 
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Table 1. Assessment of moistening in the agro-climatic areas.
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Agro-Climatic Area

	
Yearly Precipitation Amount, mm

	
The Amount of Precipitation for the Period with a Temperature above 10 °С, mm

	
% of Precipitation of the Period with Temperature above 10 °C per Year

	
HTC




	
Normal 1881–1960

	
1964–2017

	
Normal 1881–1960

	
1964–2017

	
1964–2017

	
Normal 1881–1960

	
1964–2017






	
Moderately warm, moist, mountain area (IIb)

	
520

	
555

	
250–300

	
372

	
67

	
1.6–1.4

	
1.8




	
Moderately warm moistened area (IIc)

	
470

	
517

	
225–250

	
295

	
57

	
1.4–1.2

	
1.4




	
Warm insufficiently moistened area (IIId)

	
450

	
467

	
225–250

	
264

	
56

	
1.2–1.0

	
1.1




	
Warm weakly moistened area (IIIe)

	
350

	
380

	
150–200

	
225

	
59

	
1–0.8

	
1.0




	
Warm, arid area (IIIf)

	
300

	
320

	
140–175

	
194

	
64

	
0.8–0.6

	
0.8




	
Warmer, arid area (IVf)

	
260

	
312

	
140–160

	
193

	
62

	
0.8–0.6

	
0.8
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Table 2. The number of days with temperature above 10 °C, days.
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Agro-Climatic Area

	
The Length of the Period with Temperature above 10 °C, Days

	
Change in the Length of the Period with Temperature above 10 °C




	

	
Normal 1881–1960

	
Over a Period of 1964–2017

	






	
Moderately warm, moist, mountain area (IIb)

	
127

	
136

	
+9




	
Moderately warm moistened area (IIc)

	
124

	
132

	
+8




	
Warm insufficiently moistened area (IIId)

	
130

	
138

	
+8




	
Warm weakly moistened area (IIIe)

	
131

	
138

	
+7




	
Warm, arid area (IIIf)

	
134

	
141

	
+7




	
Warmer, arid area (IVf)

	
138

	
144

	
+6




	
Average in the region

	
131

	
138

	
+7
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