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Abstract

:

Changes in climate extremes under 1.5 °C and 2 °C global warming may impact agricultural production across Central Asia. We used the simulated daily data of average temperature, maximum temperature, minimum temperature, and precipitation provided by the Inter-Sectoral Impact Model Intercomparison Project and analyzed the current climate status and future projected changes of a set of climate extreme indices related to agricultural production under 1.5 °C and 2 °C global warming. In addition, the possible impacts of climate change on agricultural production in Central Asia were discussed. The results show that the annual mean temperature in Central Asia will increase by 1.48 °C and 2.34 °C at 1.5 °C and 2 °C warming levels, respectively, compared to the base period (1986–2005), and the increasing trends are significant at the α = 0.01 level for all grids. The number of warm days and growing season length will increase. Under the 1.5 °C scenario, the mean annual total precipitation (PRCPTOT) and heavy precipitation (R95P) will experience increases of 7.68% and 26.55%, respectively, and the consecutive dry days (CDD) will be reduced by 1.1 days. However, the standardized precipitation evapotranspiration index (SPEI) shows significant drought conditions in most of Central Asia (more than 60%). Under the 2 °C scenario, there will be a 3.89% increase in PRCPTOT and a 24.78% increase in R95P. Nevertheless, accompanying the increase in CDD (0.8 day) and the decrease in SPEI, drought conditions will be further exacerbated. These results indicate that Central Asia is likely to face more severe ecological problems in the future, which will threaten the regional agricultural production and the food security. Therefore, adaptation strategies should be implemented immediately to mitigate the negative impacts of climate change on Central Asia’s agriculture.
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1. Introduction


Central Asia, consisting of Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, and Uzbekistan, is located in arid and semi-arid areas of Eurasia, with a total area of near 400 million hectares and a total population of 73 million (UNdata, https://data.un.org/). The various landscapes from deserts and mountains are distributed from country to country, which include highest ridges of the Pamir in Tajikistan, the Tianshan Mountains in Kyrgyzstan, the vast Karakum Desert in Turkmenistan, the Syr-Darya in Kazakhstan, the Amu-Darya in Turkmenistan and Uzbekistan, and inland seas [1]; thus, only 20% of the area in Central Asia is suitable for farming. However, agriculture plays a key role in the regional economy via its contribution to incomes and employment [2]. Central Asia’s agriculture has had a large contribution to its gross domestic product; for example, Uzbekistan ranks the highest with a rate of 30.8%, and the rate is 21.9% in Tajikistan, whereas Kazakhstan ranks the lowest, with a rate of 4.7% [3]. In addition, the employment rate from the agricultural sector is high in all five countries, with 51.8% in Tajikistan, 33.9% in Uzbekistan, 29.4% in Kyrgyzstan, 23.3% in Turkmenistan, and 18.0% in Kazakhstan [3]. Therefore, understanding the frequency and intensity of extreme climate conditions closely related with the agricultural productions is critical to the social economy in Central Asia [4,5].



The impact of climate change on the agriculture has significant regional and seasonal differences. Previous studies showed that in the middle and high latitudes, a moderate increase in temperature (1–2 °C) will be beneficial to increase crop yields. However, in low latitudes, any increase of temperature will have an adverse impact on crop growth [6], especially in areas where temperatures are close to or at the optimal level [7,8,9,10]. Although some crops may benefit from carbon fertilization, the overall effect is negative when considering the climate change [11]. Central Asia is located in the arid mid-latitude region, and it shows a larger warming trend than the global average. The increases in temperature are projected to be the most pronounced in summer and winter, with the largest magnitudes of 5.0 °C and 5.4 °C, respectively, by the end of the century [12]. In recent decades, the maximum temperatures, minimum temperatures, diurnal temperature ranges, and some warm extreme indices (warm days and warm nights) have experienced significant increasing trends in Central Asia, which could accelerate the frequencies and magnitudes of temperature extremes, such as the warm days and heat waves [13]. The annual total precipitation and related extreme precipitation indices (such as the number of very heavy precipitation days and max 5-day precipitation amount) also exhibited increasing trends in most areas of Central Asia [14]. In addition, a drying trend was detected over the past decades [15,16], and relative to other countries, Turkmenistan and Uzbekistan have a higher risk of drought in Central Asia, especially in the desert region [17]. The increase in the frequency and intensity of climate extreme events with warming will expose agriculture to dramatic fluctuating agrometeorological conditions [18,19,20,21].



Recognizing the urgent and potentially irreversible threat to human societies caused by climate change, the participating member nations of the United Nations Framework Convention on Climate Change (UNFCCC) signed the Paris Agreement in December 2015 and set a long-term goal for climate protection as “holding the increase in the global average temperature to well below 2 °C above pre-industrial levels and pursuing efforts to limit the temperature increase to 1.5 °C” [22]. An increase in temperature of more than 1.5 °C will cause the global net primary productivity to level off or decrease [23], and any additional magnitudes of warming above 2 °C will increase the risk of severe, pervasive, and irreversible impacts. Therefore, the 2 °C of global warming should be seen as an upper limit instead of a “safe” limit [24]. Over Central Asia, some studies have carried out future projections of the mean temperature and precipitation change on seasonal or annual scale by global and regional climate models [25,26,27]. They show relatively stronger increasing rates for both regional mean temperature and precipitation during the twenty-first century. Agriculture was a vulnerable sector affected by climate extreme events, and these problems are likely to be more prominent at 1.5 °C and 2 °C global warming scenarios in the future. However, less effort has been made to the projection of climate extremes and the impacts on agriculture in a 1.5 °C and 2 °C global warming. Thus, such questions are concentrated in this study as follows: (1) How will the agriculture-related climate extremes change under warming and wetting in Central Asia in the two global warming scenarios? (2) How will the drought change in regard to a positive effect from precipitation and negative effect from temperature? Answering these questions is necessary and valuable for the adaption and implementation of agricultural policy.




2. Materials and Methods


2.1. Study Area


Central Asia, as the core region of the Asian continent, includes Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan, and Uzbekistan (Figure 1). The landscape in this region is characterized by desert and grasslands, with a transition from steppes in the north to semi-desert in the south [28]. The climate in most areas is dominated by less precipitation, intensive evaporation, and large diurnal and annual fluctuations of temperature, especially in the lowlands of Kazakhstan, Turkmenistan, and Uzbekistan. Kyrgyzstan and Tajikistan are located in mountainous areas of Tianshan and Pamir, respectively, having lower annual mean temperatures but more precipitation. The mean summer temperatures range from 2 to 31 °C, while the mean winter temperatures usually vary between −25 °C and 7 °C [29]. More precipitation occurs during winter and early spring, whereas summers are usually hot and dry [30].




2.2. Data


The future climate projections (2006–2100) are forced with emissions from Representative Concentration Pathways (RCPs), which is a set of four pathways (RCP2.6, RCP4.5, RCP6.0, and RCP8.5) developed by the climate modeling community as a basis for long-term and near-term modeling experiments. RCP2.6 assumes that radiative forcing peaks at approximately 3 W/m2 before 2100 and then declines to 2.6 W/m2 by 2100. RCP4.5 and RCP6.0 assume that radiative forcing is stabilized at 4.5 and 6.0 W/m2 after 2100, respectively, and RCP8.5 assumes that radiative forcing reaches 8.5 W/m2 by 2100. Relative to 1850–1900, global surface temperature changes are likely to exceed 1.5 °C for all RCPs except for RCP2.6 with high confidence by the end of the 21st century (2081–2100). It is likely to exceed 2 °C for RCP6.0 and RCP8.5 with high confidence but more likely than not to exceed 2 °C with medium confidence for RCP4.5, and warming is unlikely to exceed 2 °C for RCP2.6 [31,32]. Therefore, RCP2.6 and RCP4.5 are used for determining the threshold timings of 1.5 °C and 2 °C global warming.



The data used here include the daily meteorological outputs of temperatures and precipitation for the historical period 1986–2005 and forecast period 2006–2100 under RCP2.6 and RCP4.5 scenarios, which are provided by the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP) [33]. The temperatures refer to the atmospheric temperatures observed near the surface (generally at an altitude of 2 m above the ground) and include the daily minimum temperature, average temperature, and maximum temperature. The source data are developed from five Coupled Model Intercomparison Project Phase 5 (CMIP5) models’ simulation outputs: HadGEM2-ES (MOHC, UK), IPSL-CM5A-LR (IPSL, France), MIROC-ESM-CHEM (MIROC, Japan), GFDL-ESM2M (GFDL, USA), and NorESM1-M (NCC, Norway) (Table 1), and they have been bias-corrected based on the observation-based reference dataset [34]. To ensure consistency with the global temperature information, the project adopted a multiplicative correction for precipitation and an additive correction for temperature to adjust the monthly mean and daily variability of simulated climate data to observations. Simultaneously, these data were bi-linearly interpolated in space to the 0.5° × 0.5° grid. The detailed procedures for data management are introduced in reference [33]. The evaluation results showed that in most areas of the globe (including Central Asia), several statistical properties of the temperature and precipitation data were improved after bias correction, such as the matching of the long-term mean and the matching of the inter-percentile ranges. More details about the bias-correction are available from [33].




2.3. Methodology


2.3.1. The Threshold Timings of 1.5 °C and 2 °C Global Warming


The Intergovernmental Panel on Climate Change claimed that the global temperature in 1986–2005 was 0.6 °C higher than the pre-industrial level of 1850–1900 and set 1986–2005 as a reference period to analyze the impacts of climate change on different sectors [42]. Therefore, the 1.5 °C and 2 °C warming levels were translated to 0.9 °C and 1.4 °C above the 1986–2005 mean in this study. To reduce the uncertainty in calculating the timings of warming caused by inter-annual variability, we smoothed the time series of temperature dataset by using a 20-year smoothing window for the period 2006–2099 [43]. The time slices were derived from the RCP2.6 scenario for 1.5 °C global warming and from the RCP4.5 scenario for 2 °C global warming. We also considered 1986–2005 as the common reference period for projected change assessment in climate extremes. In addition, previous studies have demonstrated that combining different models to a multi-model ensemble generally improved the amplitude of variation and root mean square error, and it increases the performance, reliability, and consistency of model projections [44,45]. In addition for climate extreme simulations, a multi-model ensemble can be superior to a single model, with greater agreement of results with observed values [46,47,48,49]. Therefore, we used the multi-model ensemble to determine the timings of 1.5 °C and 2 °C global warming and analyze the climate extremes.




2.3.2. Selection and Calculation of Extreme Meteorological Indices


Meteorological indices are often used to quantitatively understand the impacts of climate extremes on agricultural productivity [17,50,51,52]. In this study, we select seven key indicators, including warm days (TX90P), growing season length (GSL), annual total precipitation (PRCPTOT), very wet days (R95P), consecutive dry days (CDD), annual mean temperature (TAVG), and the standardized precipitation evapotranspiration index (SPEI) (Table 2). TX90P is the number of days in a year with daily maximum temperature above the threshold value of the corresponding date. Taking 21st January as an example, the threshold value is calculated as the 90th percentile of the dataset consisting of the daily maximum temperatures for 5 consecutive days centered on 21st January of each year in the reference period. Similarly, the threshold value for each calendar day can be calculated. R95P is the precipitation amount per year above a threshold value for very wet days. The threshold value is calculated as the 95th percentile of the distribution of daily precipitation amounts on days with 1 mm or more precipitation in the reference period [53]. In addition, the bootstrap procedure was implemented for the calculation of TX90P in 1986–2005 to ensure that the percentile-based temperature indicators do not have artificial jumps at the beginning and end of the reference periods [54]. For example, we use the data from 1986–1989 and 1991–2005 (sample dataset) to calculate the TX90P in 1990. By repeating an additional year of data from the sample dataset (such as data from 1986), we constructed a 20-year block of data (sample dataset + data from 1986) to calculate one sample value of TX90P for 1990. Similarly, we can calculate another 18 sample values of TX90P by repeating each year of data from the sample dataset, and the final index was obtained by averaging the 19 sample values. The monthly precipitation and the monthly Potential Evapotranspiration (PET) will be used to calculate the SPEI. We followed the Modified-Hargreaves approach to calculate the PET [55], which requires the daily maximum temperature, daily minimum temperature, and latitude of a site. The equation is the following form for the PET:


  PET = 0.0013 × 0.408 RA ×    T  a v g   + 17.0   ×     TD − 0.0123 P     0.76    



(1)




where TD is the difference between mean daily maximum and mean daily minimum temperature in °C; P is the precipitation in mm per month; and RA can be looked up by latitude from the tables [56]. SPEI can be computed for different time scales, such as 1, 2, 3, 6, 9, 12, and 24 months, to capture both short-term and long-term droughts. Considering that the growing season of the main crops almost covered a whole year, e.g., October to next May for winter wheat, and April to October for cotton, thus, 12 months of SPEI was selected to analyze the annual drought conditions.




2.3.3. The Non-Parametric Wilcoxon Rank Sum Test


The Wilcoxon rank sum test (equivalent to the Mann–Whitney U-test) [57] is used to investigate the significance of the difference of the means among two samples, which is a non-parametric test equivalent to the t-test for independent samples that has no normal distribution assumption requirement. The procedure for the test involves pooling the observations from the two samples into one combined sample, keeping track of which sample each observation comes from, and then ranking lowest to highest, respectively. A random rank order would mean that the two samples are not different, while a cluster of one sample’s values would indicate a difference between them. For large samples, rank sum uses a z-statistic to compute the approximate p-value of the test, and reference [57] provides step-by-step instructions. In this study, we test whether there is a significant increasing or decreasing trend in climate extreme indicators for each grid under the two global warming scenarios relative to the reference period. We show an example of TAVG (unit: °C) at a grid point (69.75° E, 50.25° N) under a 1.5 °C global warming scenario. Firstly, we set up the null hypothesis (H0: There is no significant difference in TAVG in the reference and forecast period) and the alternative hypothesis (H1: There is an increasing trend in TAVG in the forecast period relative to the reference period). Secondly, we put the TAVG series from the reference period (T1, sample number n = 20) and forecast period (T2, sample number m = 20) together and rank them, giving 1 for the smallest, 2 for the next smallest, and so on. Thirdly, we sum the ranks of the TAVG values in the reference period (R1) and forecast period (R2). Then, W = min (R1, R2) is selected to construct the normal distribution test statistic z = [W − m × (m + n + 1)/2]/sqrt(m × n × (m + n + 1)/12). For our example, R1 = 210 and z = −5.41. By comparing to a critical value from a reference table [57], the critical value for rejecting the null hypothesis is −2.58. Therefore, we accept the alternative hypothesis—that is, for the example grid point (69.75° E, 50.25° N), there is an increasing trend in TAVG in the forecast period (under 1.5 °C global warming scenario) relative to the reference period.






3. Results


3.1. Threshold Timings of 1.5 °C and 2 °C Global Warming


For the multi-model ensemble mean, the timing of 1.5 °C global warming is projected to be reached in the period 2020–2039 (20-year smoothing) under the RCP2.6 scenario. The 2 °C warming will be reached in 2040–2059 under the RCP4.5 scenario but will not be reached by the end of the 21st century under RCP2.6 (Figure 2). However, a large spread exists among the models in the projection of the timings of the 1.5 °C and 2 °C global warming levels (Table 3). The slopes of the temperature-increasing trends simulated by the models of GFDL-ESM2M and NorESM1-M are relatively small, while HadGEM2-ES and MIROC-ESM-CHEM simulated larger warming slopes. The result of MIROC-ESM-CHEM is consistent with the multi-model ensemble mean.




3.2. Changes in Climate Extremes over Central Asia Under 1.5 °C and 2 °C Global Warming


3.2.1. Annual Mean Temperature (TAVG)


In the reference period (1986–2005), the regions with a low TAVG (less than 0 °C) in Central Asia were in the high altitudes of the east, such as Tianshan Mountains, Pamirs Plateau, and their surroundings. In plain and hilly regions, there were different TAVG distributions at different latitudes; that is, the TAVG decreased gradually with increasing latitude (Figure 3a). The average TAVG over the whole of Central Asia was 7.95 °C. At the country level, the TAVG of Kyrgyzstan, Tajikistan, Kazakhstan, Uzbekistan, and Turkmenistan was 1.94 °C, 4.28 °C, 6.50 °C, 13.29 °C, and 16.03 °C, respectively. The spatial distribution of the projected TAVG showed a latitudinal gradient: warming in the northern part was greater than that in the south, and the increasing trends were significant at the 1% level for all grids at both warming levels of 1.5 °C and 2 °C (Figure 3b,c). Under 1.5 °C global warming, the TAVG in Central Asia will be about 1.48 °C above the reference period, which is higher than the global mean of 0.9 °C. Except for the temperature of Kazakhstan (1.57 °C), which is higher than 1.5 °C, other countries are lower than 1.5 °C, i.e., 1.44 °C in Kyrgyzstan, 1.29 °C in Tajikistan, 1.25 °C in Turkmenistan, and 1.21 °C in Uzbekistan. However, under a 2 °C warming scenario, warming across the region is projected to have a mean value of 2.34 °C compared to the reference period, which is almost 1 °C higher than the global level, and Kazakhstan has the largest temperature rise of 2.45 °C. The temperature is close to 2 °C in Turkmenistan (2.06 °C), Tajikistan (2.03 °C), and Uzbekistan (2.01 °C) (Table 4).




3.2.2. Warm Days (TX90P)


The spatial distribution of TX90P in most regions of Central Asia was characterized by higher values in the south from 1986 to 2005. However, the Pamirs Plateau and Tianshan Mountains, located in the southeastern part of Central Asia, had a relatively low value of TX90P due to the high altitudes (Figure 4a). The frequency of TX90P will experience a significant increase (at the 1% level) in all grids in Central Asia under 1.5 °C and 2 °C global warming. The largest increase in TX90P is found in the southeast of the region, especially in the Pamirs Plateau and the regions with high altitudes, and the increase of warmer days under 2 °C warming is higher than that in a 1.5 °C world. Under 1.5 °C global warming, the frequency change of TX90P for the whole of Central Asia is 67.67 days, ranging from 64 (Kazakhstan) to 102 (Tajikistan) days for the five countries. Under 2 °C global warming, the region will experience more warm days, with an increase of 121.91 days for the whole region and between 115 (Kazakhstan) and 165 (Tajikistan) days for the five countries (Table 4).




3.2.3. Growing Season Length (GSL)


The spatial distribution of GSL in Central Asia was consistent with the TAVG, with the warmer regions having a longer growing season (Figure 5a), i.e., Turkmenistan (302.97 days) and Uzbekistan (260.61 days) have a longer GSL, but in the northern part, Tajikistan and Kyrgyzstan have a shorter growing season, of 175.49 days and 161.5 days, respectively. In 1.5 °C and 2 °C worlds, the GSLs for the entire region are both projected to increase, with most of the region increasing by 10 days and even more than 30 days over the southern portions of the region (Figure 5b,c). Under the scenario of 1.5 °C global warming, about 83.99% of the grids showed a statistically significant (at the 1% significance level) increase in GSL; those without significant trends are mainly distributed in southern Kazakhstan and southern Turkmenistan. The regions with the largest increase in GSL are mainly found in the east of Tajikistan and a small part of eastern Kyrgyzstan, reaching 50 days. On average, the GSL for the whole of Central Asia is projected to increase by 10.10 days. Tajikistan shows the largest increase (19.44 days) among the five countries, while Kazakhstan has the lowest increase (8.71 days), and that of the three other countries ranges from 12 to 14 days. Under the scenario of 2 °C global warming, most of the grids (96.39%) in Central Asia will experience a significant increase (at the 1% level), and grids without significant trends are distributed in southern Turkmenistan. The increases in GSL in the south of Central Asia have higher values than in the northern parts, especially in the east of Tajikistan, with more than 50 days for almost all grids. The GSL will increase by 15.26 days on average for the whole region, while those of Tajikistan and Kyrgyzstan will increase by 27.04 days and 21.57 days, respectively. The increases for Uzbekistan, Turkmenistan, and Kazakhstan are less than 20 days, ranging from 13.83 days to 17.39 days (Table 4).




3.2.4. Annual Total Wet-Day Precipitation (PRCPTOT)


In the reference period, Central Asia was quite dry, with less than 300 mm of annual precipitation for most of the region. However, parts of the Tianshan Mountains and the Pamirs Plateau had relatively abundant precipitation, with a maximum exceeding 800 mm (Figure 6a). Tajikistan and Kyrgyzstan received more precipitation (363.83 mm and 313.14 mm, respectively), while Turkmenistan and Uzbekistan were in a dry condition, receiving less than 200 mm precipitation. In a 1.5 °C world, the annual precipitation in most of the region is projected to increase, especially in Kazakhstan, with about 45.94% of the grids having a significant increasing trend at the 1% level. The areas with decreasing PRCPTOT are found in the center of Turkmenistan and a small part of eastern Kyrgyzstan, but the decreasing trends are not significant at the 1% level (Figure 6b). In a 2 °C world, the areas with a significant increasing trend in annual precipitation are projected to retreat compared with the 1.5 °C world and are concentrated in a small part of northern Kazakhstan. Turkmenistan and Uzbekistan show a non-significant decrease in precipitation, of 4.94% and 1.91%, respectively (Figure 6c).




3.2.5. Very Wet Days (R95P)


In the reference period, the spatial distribution of R95P in Central Asia was consistent with the PRCPTOT, and high values of R95P were found in the regions with more PRCPTOT. The values of R95P were less than 40 mm for most of the region, except for some higher elevation areas in Tajikistan and Kyrgyzstan, which exceeded 100 mm (Figure 7a). Under 1.5 °C global warming, the average R95P for the entire region will increase by 26.55%, and the regions with significant increasing trends were concentrated in the north and west of Kazakhstan, accounting for about 21.24% of the regional area (black dots in Figure 7b). Under 2 °C global warming, an increase in R95P will still be seen for the region as a whole, averaging about 24.78%, while the grids with a significant increasing trend will retreat to the west of Kazakhstan (Figure 7c). In a warmer world, some grids show a decrease in PRCPTOT and an increase in R95P (green dots), which were rare under 1.5 °C global warming. However, these grids will greatly increase in a 2 °C world, and they are mainly concentrated in the east and west of Uzbekistan and the east of Turkmenistan, indicating an increase in drought risk for these regions.




3.2.6. Consecutive Dry Days (CDD)


In the reference period, along the latitudinal gradient, there appeared to be a decrease in CDD while moving from south to north (Figure 8a). Most regions of Turkmenistan and Uzbekistan had high levels of CDD, with a maximum of 170 days, while northern Kazakhstan had the lowest level of CDD, generally around 10 days. Under 1.5 °C global warming, the CDD in Central Asia is projected to show a pattern of “decrease—increase—decrease—increase—decrease” from northeast to southwest (Figure 8b). The regions having the largest increase in CDD (5–10 days) are concentrated in the south of Tajikistan and a small part of southeastern Kazakhstan, while the west and south of Turkmenistan and some portions of southern Kazakhstan will experience a larger decrease of 5–11 days. Almost all countries in the region are projected to experience slight decreases in CDD, on average 1.1 days for the entire region, except for Tajikistan, which is projected to experience an increase of 1.7 days. The grids with a significant decreasing trend will be found concentrated in northern Kazakhstan, while almost no grids with a significant increasing trend will be found in the region. Under 2 °C global warming, changes in CDD are evident across the region, with the areas experiencing an increase in CDD expanding (Figure 8c). The regions with an increase of more than 5 days in CDD will be distributed in the sporadic areas of southern Kazakhstan, the middle of Uzbekistan, the west of Turkmenistan, and a small part of eastern Kyrgyzstan, and the increase in some portions of middle Uzbekistan will reach 10 days. Some small portions of eastern Uzbekistan and eastern Turkmenistan have a decrease of more than 5 days with respect to CDD, but the total area is small. The grids with a significant increasing trend in CDD will increase and will be distributed in Kazakhstan, while only sporadic grids found in the northeast of Kazakhstan will see a significant decreasing trend. In contrast to the 1.5 °C global warming, almost all the countries in Central Asia will see slight increases in CDD, on average 0.8 days for the whole region, while Kyrgyzstan will experience a slight decrease of 0.4 days (Table 5).




3.2.7. Standardized Precipitation Evapotranspiration Index (SPEI)


In the reference period, Central Asia was relatively humid, with SPEI values higher than 0 for all of the grids in the region (Figure 9a). Under a temperature increase of 1.5 °C, almost the entire region will experience a decrease in SPEI, indicating a more arid climate compared to the period 1986–2005, except for small portions in the northernmost regions of Kazakhstan, which are projected to experience an increase in SPEI of 0–0.5. The decreasing trends across 61.94% of the grids will be significant at the 1% level, and the changes in SPEI range from −1 to −0.5 for most of the region. In parts of northern Kazakhstan, the values of SPEI will decrease by 0 to 0.5, indicating a relatively slow drying trend (Figure 9b). Under 2 °C global warming, drought across the whole region will increase in magnitude, with all of the grids experiencing a significant decrease (at the 1% level) in SPEI. The Karakum Desert in the southwest of Central Asia is projected to experience the most severe drought, with an SPEI decreasing by over 2, while Northern Kazakhstan and a small part of southeastern Central Asia will experience a relatively slight decrease in SPEI, ranging from 1 to 1.5. The majority of the region is projected to experience a decrease of 1.5 to 2 in SPEI (Figure 9c). Therefore, the increased precipitation could not offset the increased potential evapotranspiration, resulting in a drought condition.



Overall, the results based on the ISI-MIP model projections indicated a rapid and drastic change in the extreme climate conditions related to agricultural production across Central Asia. The temperature-related extreme events such as TAVG, TX90P, and GSL generally tended to show significant increases across the whole of Central Asia at both warming levels of 1.5 and 2 °C, while precipitation-related extreme events such as PRCPTOT, R95P, and CDD did not show significant changes for most areas in Central Asia. The scarce precipitation (although a small increase is expected) and sharp rise in temperature increase the potential evapotranspiration, leading to a significant decrease in SPEI, especially in the case of the 2 °C scenario, where both the magnitude and scope of the change are greater than those in the case of 1.5 °C scenario. Warmer and drier climate conditions will have a negative impact on the agricultural ecological environment of arid areas of Central Asia.






4. Discussion


The agricultural development in Central Asia is partly driven by both arable land and pastures. The general temperature increase in northern Central Asia will bring a longer growing and frost-free season, and the cold constraints for winter crops (such as winter wheat and barley) will decrease and the suitable croplands will be expanded. In addition, the projected significant increase in precipitation could be beneficial to the growth of grasses and rain-fed crops to some extent. In Kazakhstan, the grasslands are mainly concentrated in the northern regions (Figure 10) where the increasing precipitation is the most pronounced (Figure 6), and the vegetation growth of grasslands are positively correlated with annual precipitation [58]. However, not all of the projected climate change poses optimistic impacts on Kazakhstan’s agriculture. Warming will also exacerbate water deficits and increase the risk of extreme heat events, which affects crop growth and development at the critical stages (such as anthesis and grain filling). High summer temperature above 33 °C could damage crops and reduce production [59]. A slight air temperature increase in winter and spring may have positive effects on crop yield, but these conditions after anthesis may negatively affect grain yield [60]. In some areas under spring wheat in the north of Kazakhstan, climate change will bring notably extreme high temperatures during flowering, leading to the sterility of flowers and affecting the formation of final yields [61]. Winter wheat may suffer from hot and dry winds at the late growth stages. The moderate rainfall increase (Figure 6) in northern Kazakhstan may have only a minor positive impact on crop production under rain-fed conditions, because the increasing potential evapotranspiration under higher future temperatures will exacerbate the drought conditions (Figure 9). In addition, a significant increase in heavy precipitation over the north and west of Kazakhstan (Figure 7) is expected with a decline in the evenness of rainfall distribution adding to the risk of rainstorm and waterlogging, which may reduce grain yields in both wheat and barley cultivars to a large magnitude [62].



In the southern areas of Central Asia including Uzbekistan, Kyrgyzstan, Tajikistan, and Turkmenistan, agriculture mainly depends on irrigation. Compared to northern Central Asia, the warming in these regions is relatively weak, but the warm days increase (Table 4). With the decrease in precipitation and increase in consecutive dry days, the drought conditions will be exacerbated in the future, especially in Turkmenistan and Uzbekistan. High temperature and more droughts will lead to an increase in water demand in agricultural irrigation. Some studies have predicted the increase in Central Asia’s agricultural irrigation water under climate change [64,65,66,67]. However, a more than 10% increase in extreme heavy precipitation was found in some regions of southern Central Asia where the total precipitation showed a decreasing trend. It indicated that precipitation intensity will increase and mudflows, flash floods, landslides, and accelerated rates of erosion and sedimentation could be triggered at a more than two-fold rate [68].



Agriculture in Central Asia will be full of challenges due to the increase in water stress, especially in the southern countries. For example, the water supply for Uzbekistan is projected to decrease by 10–20% in the near future, which may reduce the areas to be irrigated by 6.3–9.7% of the current area and may cause unemployment in the range of 5.1–8.2% in the agricultural sector [65]. Relative to 1990–2005, the cotton yields in the Syr Darya and Amu Darya river basins will decrease by 11–13% and 13–23%, respectively [69]. Crop yields in Tajikistan are projected to drop by 2.5–10% and 5–30% by 2020 and 2050, respectively [70]. In addition, there are also large areas of fodder grassland in these areas (Figure 10), while the increase of temperature and decrease of precipitation will both have adverse effects on the vegetation of grassland and affect the development of livestock husbandry.



For the whole of Central Asia, drought is undoubtedly the most dramatic and negative change in climate predicted for Central Asia. Central Asia is landlocked and far away from the ocean, with scarce precipitation, and drought is a major constraint on agricultural development [16,71,72]. Drought events with high frequency and severity, along with the local relatively low capacity to cope with drought, have resulted in severe agricultural losses. For example, a strong spring and a subsequent summer drought in Kyrgyzstan caused great damage to national wheat yields in 2008, with the yield significantly declining to 1.94 MT/ha. The drought in 2012 cut grain yields of Kazakhstan by 52.3% compared with the previous year, with the wheat yield dropping by 57%. From 1999 to 2008, The Kara-Kum area of Turkmenistan experienced severe droughts for 6 years, leading to the average yield loss of pasture dropping to 82 kg/ha [73]. However, the drought condition is likely to be further exacerbated in the future. The changes in SPEI found in Section 3.2.7 reveal that more than 60% and 100% of the area will suffer from drier climate conditions (significant at the 1% level) under 1.5 °C and 2 °C global warming, respectively. Some other studies have similar conclusions. According to Reyer et al. [74], the arid regions will expand by about 6% in a 2 °C world. In a 4 °C world, the area of land classified as hyper-arid or arid could increase from 29.6% in 1951–1980 to 36.8% in 2071–2099, which is an increase of more than 20%. Naumann et al. [75] found that the 100-year drought events are projected to turn into 30-year drought events under 1.5 °C warming in Central Asia. The cycles of droughts will further decrease with the warming of 2 °C and 3 °C, from 100 years to less than 10 years. Therefore, it is anticipated that drought will continue to be an important constraint on agricultural development in Central Asia under future climate change. In addition, the soil salinization and land degradation mostly caused by climate change and unreasonable irrigation are also among the most serious problems restricting local agricultural development in recent years [76], especially in the southern region where the agricultural irrigation rate is high [69,77,78].



Overall, the changes in extreme climate conditions related to agricultural production are likely to be more pronounced in the southern region of Central Asia, such as greater increases in extremely warm days (Figure 10), a greater decrease in precipitation, and a larger decreasing trend in SPEI. This indicated that the southern regions may be more vulnerable to the negative effects of climate change than the northern regions. According to the study by Sutton et al. [71], in the southern regions (Tajikistan, Turkmenistan, and Uzbekistan), especially in Uzbekistan, the yields per hectare of each crop will be reduced due to higher temperatures and water scarcity. Viter et al. [79] reported that the large-scale commercial farms in northern Kazakhstan are expected to see positive returns in agricultural income gains, while the small-scale farms in arid areas of Tajikistan are likely to be adversely affected by climate change. Producers in Kyrgyzstan may expect both higher revenues and higher income volatilities in the future. Agricultural producers in Uzbekistan may benefit from the positive effects of climate change in the short term but may lose their income in the future, with the positive effects being completely offset by the negative effects.




5. Conclusions


Based on the meteorological datasets obtained from ISIMIP, we projected the changes in temperature and precipitation extremes under 1.5 °C and 2 °C global warming for Central Asia. As a whole, the changes in temperature extremes are likely to be more significant than those in precipitation extremes, and the scope and magnitude of changes are greater under 2 °C global warming.



The TAVG in Central Asia is about 1.48 °C and 2.34 °C above the reference period under 1.5 °C and 2 °C warming scenarios, respectively, which are higher than global levels. For all of the grids, statistically significant increases in TAVG and TX90P are expected under the two global warming levels. The GSL shows a significant increase for most grids of the region accompanying the rising temperature. However, no consistent pattern of changes could be detected for the majority of precipitation extremes. The grids with significant change trends in PRCPTOT and R95p are all concentrated in small portions of northern Kazakhstan under 1.5 °C and 2 °C warming scenarios. The scarce precipitation (although a small increase is expected) and sharp rise in temperature will lead to a significant decrease in SPEI for more than 60% of the grids under 1.5 °C global warming and for 100% of the grids under 2 °C global warming. This indicates that drought conditions will be further exacerbated across Central Asia in the future.



Climate change will put Central Asia’s agricultural production at a high risk of facing more ecological problems, such as drought, water scarcity, and soil salinization, which will lead to regional food insecurity. Some adaptation measures should be taken to cope with the negative effects, especially the measures to relieve water pressure such as changing the irrigation method.
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Figure 1. Country distribution and elevation of Central Asia. 
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Figure 2. Projected changes in annual mean surface air temperature over the globe. Changes are relative to 1986–2005 mean, with a 20-year smoothing applied. Thick lines represented the multi-model mean, and the shaded parts showed the interquartile range of the five models. The dashed lines represented 1.5 °C and 2 °C global warming levels. 
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Figure 3. The spatial distribution of annual mean temperature (TAVG) in the reference period (1986–2005) (a) and the difference under 1.5 °C (b) and 2 °C (c) global warming relative to the reference period. Dark gray dots indicate that the increasing trends are significant at the 1% level in these grids. 
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Figure 4. The spatial distribution of the warm days (TX90P) in the reference period (1986–2005) (a) and the difference under 1.5 °C (b) and 2 °C (c) global warming relative to the reference period. Dark gray dots indicate that the increasing trends are significant at the 1% level in these grids. 
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Figure 5. The spatial distribution of the growing season length (GSL) in the reference period (1986–2005) (a) and the difference under 1.5 °C (b) and 2 °C (c) global warming relative to the reference period. Dark gray dots indicate that the increasing trends are significant at the 1% level in these grids. 






Figure 5. The spatial distribution of the growing season length (GSL) in the reference period (1986–2005) (a) and the difference under 1.5 °C (b) and 2 °C (c) global warming relative to the reference period. Dark gray dots indicate that the increasing trends are significant at the 1% level in these grids.
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Figure 6. The spatial distribution of the mean annual total precipitation (PRCPTOT) in the reference period (1986–2005) (a) and the difference under 1.5 °C (b) and 2 °C (c) global warming relative to the reference period. Dark gray dots indicate that the increasing trends are significant at the 1% level in these grids. 
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[image: Atmosphere 11 01076 g006]







[image: Atmosphere 11 01076 g007 550] 





Figure 7. The spatial distribution of the very wet days (R95P) in the reference period (1986–2005) (a) and the difference under 1.5 °C (b) and 2 °C (c) global warming relative to the reference period. Dark gray dots indicate that the increasing trends are significant at the 1% level in these grids. Green dots indicate a decrease in PRCPTOT and an increase in R95P. 






Figure 7. The spatial distribution of the very wet days (R95P) in the reference period (1986–2005) (a) and the difference under 1.5 °C (b) and 2 °C (c) global warming relative to the reference period. Dark gray dots indicate that the increasing trends are significant at the 1% level in these grids. Green dots indicate a decrease in PRCPTOT and an increase in R95P.
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Figure 8. The spatial distribution of the consecutive dry days (CDD) in the reference period (1986–2005) (a) and the difference (b) under 1.5 °C and (c) 2 °C global warming relative to reference period. Blue dots indicate that the decreasing trends are significant at the 1% level in these grids. Red dots indicate that the increasing trends are significant at the 1% level. 






Figure 8. The spatial distribution of the consecutive dry days (CDD) in the reference period (1986–2005) (a) and the difference (b) under 1.5 °C and (c) 2 °C global warming relative to reference period. Blue dots indicate that the decreasing trends are significant at the 1% level in these grids. Red dots indicate that the increasing trends are significant at the 1% level.
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Figure 9. The spatial distribution of standardized precipitation evapotranspiration index (SPEI) in the reference period (1986–2005) (a) and the difference under 1.5 °C (b) and 2 °C (c) global warming relative to the reference period. Dark gray dots indicate that the decreasing trends are significant at the 1% level in these grids. 
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Figure 10. The spatial distribution of harvested areas around the year 2000 for the main crops in Central Asia [63]. 
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Table 1. Information of five CMIP5 climate models.






Table 1. Information of five CMIP5 climate models.





	Model
	Source
	Resolution (Lat × Lon)
	References





	GFDL-ESM2M
	National Oceanic and Atmospheric Administration Geophysical Fluid Dynamics Laboratory, American
	2° × 2.5°
	[35,36]



	HadGEM2-ES
	Met Office Hadley Centre, England
	1.25° × 1.875°
	[37]



	IPSL-CM5A-LR
	Institute Pierre Simon Laplace, France
	1.875° × 3.75°
	[38]



	MIROC-ESM-CHEM
	Japan Agency for Marine-Earth Science and Technology
	2.8125° × 2.8125°
	[39]



	NorESM1-M
	Norwegian Climate Centre, Norway
	1.875° × 2.5°
	[40,41]
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Table 2. Definitions of the selected climate indices.






Table 2. Definitions of the selected climate indices.





	Index
	Description
	Definition
	Unit





	TAVG
	Annual mean temperature
	Annual mean temperature
	°C



	TX90P
	Warm days
	Annual days when daily maximum temperature >90th percentile
	days



	GSL
	Growing season length
	Annual (1st January to 31st December in northern hemisphere, 1st July to 30th June in southern hemisphere) count between the first span of at least 6 days with daily average temperature >5 °C and the first span after July 1 (January 1 in southern hemisphere) of 6 days with daily average temperature <5 °C
	days



	PRCPTOT
	Annual total wet-day precipitation
	Annual total precipitation of wet days (daily precipitation ≥1 mm)
	mm



	R95P
	Very wet days
	Annual total precipitation when daily precipitation >95%
	mm



	CDD
	Consecutive dry days
	Maximum number of consecutive days with daily precipitation <1 mm
	days



	SPEI
	Standardized Precipitation Evapotranspiration Index
	The monthly (or weekly) difference between precipitation and potential evapotranspiration.
	/
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Table 3. The timings of 1.5 °C and 2 °C global warming simulated by five models and their ensemble.
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Model

	
Global Warming Level




	
1.5 °C

	
2 °C






	
GFDL-ESM2M

	
/

	
/




	
HadGEM2-ES

	
2010–2029

	
2028–2047




	
IPSL-CM5A-LR

	
2020–2039

	
2035–2054




	
MIROC-ESM-CHEM

	
2010–2029

	
2030–2049




	
NorESM1-M

	
/

	
2060–2079




	
Multi-model ensemble

	
2020–2039

	
2040–2059
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Table 4. Changes in temperature extreme indices under 1.5 °C and 2 °C global warming.






Table 4. Changes in temperature extreme indices under 1.5 °C and 2 °C global warming.





	
Country

	
TAVG (°C)

	
TX90P (Days)

	
GSL (Days)




	
1.5 °C

	
2 °C

	
1.5 °C

	
2 °C

	
1.5 °C

	
2 °C






	
Kazakhstan

	
1.57

	
2.45

	
64.04

	
115.65

	
8.71

	
13.83




	
Kyrgyzstan

	
1.44

	
2.03

	
75.28

	
131.79

	
14.26

	
21.57




	
Tajikistan

	
1.29

	
2.03

	
102.00

	
165.86

	
19.44

	
27.04




	
Turkmenistan

	
1.25

	
2.06

	
73.08

	
133.02

	
12.39

	
16.96




	
Uzbekistan

	
1.21

	
2.01

	
73.29

	
135.75

	
12.95

	
17.39




	
Entire Central Asia

	
1.48

	
2.34

	
67.67

	
121.91

	
10.10

	
15.26
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Table 5. Changes in precipitation extreme indices under 1.5 and 2 °C global warming.






Table 5. Changes in precipitation extreme indices under 1.5 and 2 °C global warming.





	
Country

	
PRCPTOT(%)

	
R95P(%)

	
CDD(days)

	
SPEI




	
1.5 °C

	
2 °C

	
1.5 °C

	
2 °C

	
1.5 °C

	
2 °C

	
1.5 °C

	
2 °C






	
Kazakhstan

	
8.89

	
5.48

	
28.72

	
29.98

	
−0.9

	
0.6

	
−0.54

	
−1.72




	
Kyrgyzstan

	
2.62

	
2.33

	
12.15

	
19.75

	
−1.5

	
−0.4

	
−0.74

	
−1.64




	
Tajikistan

	
4.12

	
2.33

	
27.79

	
15.82

	
1.7

	
1.1

	
−0.75

	
−1.59




	
Turkmenistan

	
3.55

	
−4.94

	
7.70

	
−9.06

	
−4.1

	
2.1

	
−0.82

	
−1.96




	
Uzbekistan

	
5.91

	
−1.91

	
31.51

	
13.28

	
−0.1

	
1.9

	
−0.70

	
−1.88




	
Entire Central Asia

	
7.68

	
3.89

	
26.55

	
24.78

	
−1.1

	
0.8

	
−0.60

	
−1.75












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
oy

o oy






media/file4.png
Changes relative to 1986-2005 (°C)

by
o

o o (] N
O W o N
1 1L I 1 L L 1 I L L 1 1 l 1 l 1

o
W
|

{ Global mean surface air temperature

S
o

RCP2.6 ----1.5°C

RCP45 - ---2°C

llllllllllllllllllllll | AALARARALE RAAARARALE RAARARALES RAARARAARS RAARARRARS RAARARAARS RARARARE R

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year





media/file18.png
03 04 05 06 07 08 09 1 1.1





media/file3.jpg
Changes relative to 1986-2005 (°C)

w
°

e = - B
G o o

°
>

Global mean surface air temperature
RCP26 ====135°C
RCPAS ==m==2°C

2010 2020 2030 2040 2050 2060 2070 2080 209
Year

0 2100





media/file19.jpg
0 2000 4000 6000 5000 10000 15000 20000 25000 30000  (ha)





media/file7.jpg
N[ @ st s sxfae
oy oy ]
o x| o
P s o
s s sl
W e e e e e o e s s e v e
T — —
B NN A SO MMM G ORI





media/file10.png
50 100 150 200 250 300 (days)





media/file14.png
55°N

50°N

45°N

1
" (a) Historical

135°N

100

120

(mm)

- 40()N -

- 350N —

1
13 N[ (¢)2.0°C

-60 40 -20 0

65°1

20 40 60 80 100 (%)

45°1:

-60 -40 -20 0

20 40 60 80 100 (%)





media/file11.jpg





media/file6.png
55°E 65°C 75°E 85°C

= |

1
35 "N (a) Historical ¢ N755°N
S0°N [ 150°N
45°N T 145°N
40°N [ 440°N
35°N b L ! ! L 135°N
45°C  55°C 65°L 75°L 85°L 45°F
[ ] e | l
a5 <10 5 0 5 10 15 (O

55°N

50°N

45°N

40°N

35°N

—

45°E 55°E 65°C 75°E 85°E

12 14 16 1.8 2 22 24 26 28 (°C)

| i I . 5 - @000 |
12 14 16 1.8 2 22 24 26 28 O






media/file15.jpg





nav.xhtml


  atmosphere-11-01076


  
    		
      atmosphere-11-01076
    


  




  





media/file16.png
-

1 1 ] 1 1
55°N [{a) Historical i 15°N T my1.5°%C 1 55°N
50°N I 150°N [ 1 50°N
45°N I 145°N I 1 45°N
40°N I T40°N [ 1 40°N
35°N E J35°N E 1 1 1 1 135°N
45°E 55°E 65°E 75°E 85°E 45°E 55°E 65°E 75°E 85°E 45
EHEET A= A T EE. @ @ T
0 20 40 60 80 100 120 140 160 (days) 25-20-15-10 -5 0 5 10 15 20 25 (days)

°E  S5°E  65°E  75°E  85°E
25-20-15-10 -5 0 5 10 15 20 25 (days)






media/file2.png
50°N- —-50°N
40°N- —40°N
4 Elevation (m) -
l 6954 Tajikistan |+ 1
- & =
30°N- " ; N 30N
T 1 T 1 T 1 | 1 T 1 A_
50°E 60°E 70°E 80°E





media/file20.png
Wheat_irrigated

Wheat_rainfcd

Maizc_irrigated

Maize_rainfed

Rice rainfed

Cotton_rainfed

Fodder grasses rainfed

2000 4000

6000

8000

10000

15000 20000 25000 30000

Barley rainfed

(ha)






media/file5.jpg
oy

o i,

oy

o0

ST T R e B wT L W e T e
— comm— —
TR Bte TUNNINLNLNG IR L )






media/file1.jpg
50°E
1

60°E

50°N4

40°NA

30°N+

Elevation (m)

56954
0

Tajikistan

Platean!

Kyrgyzstan

[F50°N

[F40°N

T
S0°E

T
60°E

T
70°E






media/file12.png
55°N 755°N

50°N 150°N
45°N d450n

40°N 7140°N

35°N J35°N

45°E  55°E  65°E  75°E  85°E 45°E
-
100 200 300 400 500 600 700 800 900 (mm) 30 20 -10 0 10 20 30 (%)






media/file9.jpg





media/file0.png





media/file8.png
55°N

155°N [ 55°N T (¢) 2.0 °'C i
50°N 50°N 50°N [ 1
45°N 745°N 45°N [ 7
40°N 740°N 40°N [ 1
35°N 135°N 35°NE =

45"E 55°E 65" E 75°E 85"E 45°E i S ) R5E 45"F 55°E 65°E 75°E 85
1 : I ] R B ]
30 35 40 45 S0 S5 (days) 60 80 100 120 140 160 180 (days) 60 80 100 120 140 160 180 (days)






media/file17.jpg





