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Abstract

:

Xinjiang is one of the world’s most sensitive and vulnerable regions to climate change. However, little is known about the current status and changes in thermal comfort conditions in this area. Using the Universal Thermal Climate Index (UTCI) derived from the newly available high-resolution dataset HiTiSEA, the spatial–temporal pattern and changes thereof over annual and seasonal scales across Xinjiang from 1981 to 2019 were evaluated. The results reveal that the distribution and change of thermal comfort in Xinjiang have apparent regional heterogeneity and seasonal characteristics. Across all scales, 7 of 10 UTCI thermal stress categories were observed, from slight cold stress to strong heat stress. Annually, the mean UTCI is 3 °C and has significantly increased at 0.37 °C decade−1. The mean number of comfortable days (CDs) is 114 days, with a range from 0 to 189 days. On the space scale, the Tarim Basin experiences the highest UTCI value, while the Ili River Valley, the north side of the Tianshan Mountains, and the peripheral areas of the Tarim Basin have a higher number of CDs. Seasonally, summer has the highest UTCI value, while winter is the lowest. The trend for all seasons is upward, and spring increases fastest. Results also indicate that air temperature has a positive correlation with climate comfort, and the influence of air temperature on climate comfort is most significant. Further research indicates that the range and intensity of population exposure to uncomfortable climates in Xinjiang have increased. The distribution and expansion of population exposure are similar to the population density. These findings contribute to a systematic understanding of the local climate environment and can be helpful for the assessment of the impact of climate change and optimize tourism development.
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1. Introduction


According to the Sixth Assessment Report (AR6) by the Intergovernmental Panel on Climate Change (IPCC), the global surface temperature has been increasing at an unprecedented rate. Notably, the past decade (2011–2020) witnessed an average temperature rise of 1.09 °C above the pre-industrial era (1850–1900), and it was recorded that each of the previous three decades was warmer than any preceding decade since 1980 [1]. This human-induced climate change has caused widespread adverse impacts and related losses and damages to nature and people [2]. Thermal comfort, or climate comfort, refers to the meteorological conditions that can maintain the energy balance of heat exchange between the human body and the atmosphere, represents people’s satisfaction with the thermal environment, and reflects people’s perception of the environment [3,4]. Thermal comfort is an essential parameter to assess the comfort state of the human body under different climatic conditions from the perspective of meteorology, and it has an essential impact on human society in many fields, including architectural design [5], urban planning [6], human health [7], tourism and recreation [8]. Changes in climate factors such as air temperature, precipitation, wind speed, and radiation response to global warming can result in changes in climate comfort. Therefore, studying the changes in thermal comfort in the context of climate change is of great significance for understanding changes in living conditions, improving residents’ quality of life, and providing a scientific basis for climate change adaptive measures.



The study of thermal comfort has a history of nearly 100 years, and multiple assessment models have been developed to evaluate bio-climatic conditions for human beings [9]. The early stage of the thermal comfort model was intuitive feelings, usually evaluated through the results of direct measurement using instruments [10]. These indicators are only a one-sided response to the environment and do not consider whether the human body feels comfortable. In 1923, Houghton proposed the effective temperature index (ET), marking the point at which thermal comfort research entered the stage of empirical models [11]. Empirical models are generally linear equations about air temperature, humidity, and wind speed, such as wind chill index (WCI) [12], wet bulb globe temperature (WBGT) [13], and temperature–humidity index (THI) [14]. These indicators are easy and straightforward to calculate and forecast and are widely used by the public. However, their simple formulation contains unreasonable calculations to reduce the accuracy of the results so that they cannot meet the basic requirement of the correspondence between the index value and the human thermo-physiological state. Their results are often not comparable and have obvious regional limitations in terms of time and space scales [15]. In the 1960s, the rapid development of biometeorology and computer technology made the mechanistic models based on the heat budget models gradually attract attention, including predicted mean vote (PMV) [16], perceived temperature (PT) [17], standard effective temperature (SET) [18], and physiological equivalent temperature (PET) [19]. However, although the abovementioned indices are appropriate for application in any assessment of the thermal environment, because of the persistent shortcomings of thermal physiology and heat exchange theory, they have not been used as a fundamental standard. In 2000, with the development of multidisciplinary integration, based on the latest scientific progress in human response-related thermos physiological modeling, UTCI was presented to the scientific community to address these shortfalls [20]. UTCI was proposed under the initiative of the World Meteorological Organization (WMO) Commission on Climatology, and it was jointly completed by 45 scientists from 23 countries in the fields of thermal physiology, mathematical modeling, occupational medicine, and meteorological data handling. UTCI is regarded as one of the most comprehensive indicators for evaluating thermal comfort, suitable for thermal assessments in all climates and seasons and on any scale. Additionally, UTCI depicted temporal variability of thermal conditions better than other indices because of sensitivity to slight changes in climatic variables [21,22,23].



Since its introduction, the UTCI has been widely used to assess human thermal comfort in different parts of the world in recent years [24]. In Europe, UTCI has revealed significant variations, with northern parts of Sweden and Finland reaching −80 °C during winter, while regions like Germany, the Netherlands, France, and certain parts of Spain are 20 °C in summer [25]. Furthermore, UTCI values across 32 major European cities have all shown a statistically significant increase ranging from 0.6 to 3.2 °C [26]. In Africa, Sarah found a wide range of thermal stress experienced, ranging from very strong cold stress to extreme heat stress in southern Africa. The study also noted a significant increase in UTCI with a rate of 0.28 °C decade−1 [27]. Similarly, research by Mohammed in North Africa and the Middle East found UTCI values ranging from 0 °C to 32 °C, with an increasing trend of 0.1 °C to 0.7 °C decade−1 [28]. In the Arctic, the average UTCI was found to be 0.025 °C, and it has shown a significant increase at a rate of 0.457 °C decade−1 during the summer [29]. In Russia, thermal stress ranges from extreme cold stress to moderate heat stress in summer, and the distribution and trend of thermal stress are primarily related to air temperature. In Asia, the average UTCI for South Asia is 2.4 °C, with a rate of increase at 0.27 °C decade−1 [30]. Aung et al. found that most parts of South Asia experience moderate thermal stress for over 100 days, with the UTCI displaying an upward trend in many areas. Afghanistan and Central India have experienced an increase of nearly 1 °C, while Pakistan saw a more significant rise of 1.5 °C [31]. Some studies use UTCI to analyze thermal comfort in China. Kong found that the spatial pattern of UTCI shows a correlation with latitude; UTCI decreases with increasing latitude for most of China, and the temporal variation of UTCI shows positive trends in northeastern China and negative trends in southwestern China [32]. Lei found a similar spatial pattern of UTCI that is distributed along a latitudinal direction and decreases from south to north [33]. Wu found that UTCI values decreased due to the increase of the latitude in China, and the comfort area in summer (69.5%) is more extensive than in winter (7.7%) [34]. In summer, UTCI increased with the largest increase rate of 0.053 °C/a in northwest China [35]. Some studies have focused on changes in UTCI in the Beijing–Tianjin–Hebei Urban Agglomeration [36], the Qinghai-Tibet Plateau [37], the Guangdong–Hong Kong–Macau Greater Bay, and other areas [38]. However, studies on thermal comfort in Xinjiang have received less attention, especially under a rapid climate change background.



As one of the most arid areas in the world, Xinjiang is a typical eco-fragile area and is one of the most sensitive and vulnerable regions to climate change [39]. The climate in Xinjiang has experienced significant warming and moistening, and such a ‘warming–wetting’ trend has occurred since the mid-1980s [40,41]. The increase in air temperature in Xinjiang is more rapid than in China and the entire globe [42]. Climate change is exerting various impacts on its ecology [43], environment [44], and economy [45,46]. As the core region of the “Silk Road Economic Belt”, Xinjiang has experienced rapid economic and population development in recent years. In 2020, the total population of Xinjiang was 25.85 million. Compared to the population in 2010, Xinjiang’s population growth rate ranked 4th nationwide, and the population in Xinjiang is expected to continue to grow steadily. However, compared to the national average, Xinjiang has a lower level of economic development and weaker capacity to adapt to climate change. The primary industries, such as agriculture, play a significant role in its economy, and there is a greater exposure to thermal stress. Therefore, studying the status and changes in the comfort conditions of Xinjiang in the context of climate warming is of great significance for the future sustainable development of China.



The limited and sparsely distributed meteorological stations in Xinjiang may hamper the use of UTCI due to a lack of available requisite input variables from ground-based meteorological stations. Hence, this study uses a newly developed high-resolution dataset derived from ERA5 reanalysis data to calculate the UTCI in Xinjiang. In this study, there are two primary objectives. The first one is to investigate the spatial–temporal variation of UTCI and the number of comfortable days (CDs) in Xinjiang, focusing on exploring the spatial distribution pattern and temporal change trend. The second one is to examine the relationship between the climate variables and thermal comfort and find how the population changes with thermal uncomfortable conditions in Xinjiang.




2. Study Area and Research Methods


2.1. Study Area


Xinjiang Uygur Autonomous Region (73.66°–96.38° E, 34.42°–49.17° N), located at the northwest border of China, is the largest administrative province (166.49 × 106 ha), accounting for one-sixth territorial area of China. The topography of Xinjiang is known as “two basins sandwiched by three mountains”. The three mountains from north to south are the Altay Mountains, the Tianshan Mountains, and the Kunlun Mountains, and the two basins are the Junggar Basin and the Tarim Basin, forming a unique mountain-basin system. Figure 1 shows the location and the topography of Xinjiang. Located deep in the hinterland of the Eurasia continent, the climate of Xinjiang is typical of a temperate continental climate, with a wide air temperature range, low precipitation, strong winds, and low humidity. The annual average air temperature of Xinjiang ranges from 5 °C to 13 °C, and the mean annual total precipitation ranges from 90 mm to 250 mm. The economy and population in Xinjiang have witnessed rapid development in recent years. The population in Xinjiang increased from 18.5 × 106 in 2000 to 25.9 × 106 in 2022. The gross domestic product (GDP) of 2022 in Xinjiang is 13 times the GDP of 2000, higher than the annual growth rate of GDP in China.




2.2. Data


The UTCI data were collected from a high-spatial-resolution dataset of human thermal stress indices over South and East Asia (HiTiSEA) for the period 1981–2019 [47]. This dataset was derived using climate variables including air temperature, humidity, wind speed, direct solar radiation, and shortwave and longwave radiation fluxes from the ERA5-Land and ERA5 reanalysis data from the European Center for Medium-Range Forecasts (ECMWF) within the Copernicus Climate Change Service (C3S). The dataset was downloaded as NetCDF files from the website of Scientific Data (https://springernature.figshare.com/collections/A_High-spatial-resolution_Dataset_of_Human_Thermal_Stress_Indices_over_South_and_East_Asia/5196296, assessed on 1 May 2023), with the temporal resolution of day and the horizontal resolution of 0.1° × 0.1°. Compared to the existing thermal index dataset ERA5-HEAT [48] and HiTIC-Monthly [49], the HiTiSEA database has the advantages of higher spatial resolution, with a comprehensive validation based on thousands of weather stations [30]. The climate data, including 2 m temperature, relative humidity, and 10 m wind speed, are sourced from the ERA5-Land dataset. The population data from 1990 to 2015 is sourced from the “Kilometer grid dataset of China’s historical population spatial distribution” by the National Tibetan Plateau Data Center [50].




2.3. Method


2.3.1. The UTCI and Comfort Level


The UTCI is a six-degree polynomial equation based on the theory of thermo-physiological exchange. The output is an equivalent temperature (°C), delineated as stress levels (Table 1), representing the air temperature of a reference outdoor environment that would elicit in the human body the same physiological response as the actual outdoor environment [51]. The reference environment includes a walking speed of 4 km/h (equivalent to a metabolic rate of 2.3 MET), a 10 m wind speed of 0.5 m/s, Tmrt equal to Ta, relative humidity (RH) of 50 % for Ta ≤ 29 °C, and vapor pressure of 20 hPa for Ta > 29 °C. The thermal stress assessment scale (Table 1) was derived from the modeled physiological and psychological response. The calculation formula is shown in Equation (1).


UTCI = Ta + Offset (Ta,Tmrt,Va,Td) = f(Ta,Tmrt,Va,Td)



(1)








2.3.2. Trend Analysis


The study used the Theil-Sen trend estimation and the Modified Manne–Kendall (MMK) test to analyze the trends and significance of the UTCI and comfortable days from 1981 to 2019 in Xinjiang. The changes in UTCI and CDs are determined using the Theil-Sen estimation, and the significance of these changes is assessed using the MMK test. Theil-Sen trend estimation is a non-parametric statistical technique used to estimate the trend or slope in a dataset over time [52]. The calculation formula is as follows:


  β = M e d i a n       x   j   −   x   i     j − i     , ∀ j > i  



(2)







β is the slope estimate,     x   j       and     x   i     represents data points of time series data, j and i represents indices of data points; when β > 0, the indicator follows an upward trend; when β < 0, the indicator shows a downward trend; when β = 0, there is no change in trend. MMK test is a non-parametric statistical method used to detect trends or monotonic trends in time series data [53]. The test uses Z-statistics; a positive Z value indicates an increase, while a negative value indicates a decrease. We use the R package “modifiedmk” package [54] to implement the analysis described above.




2.3.3. Correlation Analysis


This study aims to employ correlation analysis to investigate the relationships between the UTCI, the number of comfortable days, and various meteorological factors to determine the extent of influence exerted by meteorological elements on thermal comfort. Correlation analysis is a statistical method used to assess the degree of association between two or more variables. It helps us understand whether these variables are, to some extent, interrelated and the strength and direction of this association. We use the Pearson correlation method to analyze the relationship between the UTCI, comfortable days, and climate indicators quantitatively. The formula for the correlation coefficient is as follows:


  r =     ∑  i = 1   n        x   i   −   x  ¯          y   i   −   y  ¯         ∑  i = 1   n          x   i   −   x  ¯      2           ∑  i = 1   n          y   i   −   y  ¯      2         



(3)




where     x  ¯    represents the average UTCI and the number of CDs and     y  ¯    is the average of a given climate variable.




2.3.4. Population Exposure


In this article, we define population exposure as the size of the population exposed to uncomfortable climate conditions. Following the method adopted by Li et al. [55], we assessed population exposure as the product of population times the yearly number of uncomfortable days (unit: person per day), as follows:


    P E   i j   =   P   i j   ×   U C D s   i j    



(4)







    P E   i j     is the population exposure of Grid j in the i-th year,     P   i j     is the population size of Grid j in the i-th year,     U C D s   i j     is the number of UCDs of Grid j in the i-th year. The definition of UCDs is the days that have thermal stress (UTCI > 26 °C or UTCI < 9 °C). We ultimately analyzed 25 years of population exposure in Xinjiang from 1990 to 2015.






3. Results


3.1. UTCIs


3.1.1. Spatial Patterns of UTCI


To better understand the mean state of thermal comfort in Xinjiang, we initially examined the distribution of climatologically averaged UTCI (1981–2019). As shown in Figure 2, daily mean UTCI values averaged over annual and seasonal scales for 1981–2019 reveal that Xinjiang experienced seven of the ten UTCI thermal comfort categories: strong and moderate heat stress, no thermal stress, very strong, strong, moderate, and slight cold stress. The distribution of UTCI shows a noticeable spatial heterogeneity, primarily influenced by the natural geographical conditions.



Regarding the annual UTCI, Xinjiang’s UTCI ranges from −19 to 16 °C, with an average of 3 °C, indicating that Xinjiang is generally perceived as having a slight cold stress. As shown in Table 2, most areas exhibited “slight cold stress” reached 42.53%, primarily located in the Junggar Basin and the surrounding areas of the Tarim Basin. “No thermal stress” was mainly in the Tarim Basin and the Turpan–Kumul Basin and reached 27.61%, while “moderate cold stress” was mainly in the Altay Mountains, the Tianshan Mountains, and the part of the Kunlun Mountains and reached 25.51%. It indicates that the Tarim Basin and the Turpan–Kumul Basin have a more comfortable climate than other regions of Xinjiang. Because of the high altitude and glacial distribution, the UTCI showing “strong cold stress” in the high mountain area in Kunlun Mountain accounts for 4.35%. This area is the most uncomfortable.



The seasonal distribution of UTCI over Xinjiang reveals distinct climatic features. In spring, UTCI ranges from −22 to 18 °C (from “no thermal stress” to “strong cold stress”) with an average value of 4.8 °C. Most of the areas are under “no thermal stress”. In summer, UTCI ranges from −4 to 33 °C (from “strong heat stress” to “moderate cold stress”) with an average value of 18.9 °C; most of the areas are under “no thermal stress”, and 27.65% of areas are under heat stress, and 15.67% areas are under cold stress. In autumn, UTCI ranges from −19 to 15 °C (from “no thermal stress” to “strong cold stress”) with an average value of 2.1 °C; most of the areas are under “slight cold stress”. In winter, UTCI ranges from −35 to −1 °C (from “moderate cold stress” to “very strong cold stress”), with an average value of −13.5 °C; most of the areas are under “moderate cold stress”. The “no thermal stress” areas for the four seasons, spring, summer, autumn, and winter, are 41.08%, 56.68%, 13.8%, and 0%, respectively. This implies that in Xinjiang, the climate is most comfortable during summer, followed by spring and autumn, with the least comfortable climate during winter.




3.1.2. Long Term Changes


As shown in Figure 3a, the average annual UTCI in Xinjiang from 1981 to 2019 displays a significant upward trend. The result of Theil-Sen trend estimation is 0.037, indicating an upward trend in Xinjiang’s UTCI, with an average increase of 0.37 per decade. The p-value from the MMK test is less than 0.001, demonstrating that this trend is statistically highly significant. The mean annual UTCI value is 3.093 °C, with the highest value occurring in 2007 at 4.241 °C and the lowest in 1984 at 1.598 °C.



As shown in Figure 3b, the UTCI in Xinjiang from 1981 to 2019 exhibits an upward trend in all seasons. The upward trend in spring and summer is higher than in other seasons, while the upward trend in winter is insignificant. Ranked by Theil-Sen trend estimation results, the order is spring (0.056) > summer (0.043) > autumn (0.038) > winter (0.006). This indicates that UTCI warms faster in summer and slower in winter. Regarding the p-values from the MMK test, the results for summer and spring are highly significant, while the result for winter is insignificant. Xinjiang’s UTCI generally reflects an upward trajectory, aligning with the region’s rising temperatures driven by climate change [56]. Notably, the most pronounced increases are observed during summer and spring.





3.2. Comfortable Days


3.2.1. Number of Comfortable Days


As shown in Figure 4, we define the “no thermal stress” days as CDs and count the annual and seasonal CDs in Xinjiang from 1981 to 2019. In general, the distribution of CDs in Xinjiang exhibits remarkable spatial heterogeneity, and the number of CDs ranges from 0 to 189 days, with an average of 114 days. It indicates that from the climate suitability perspective, Xinjiang is acceptable and comfortable for living or traveling for over a third of the year. The regions with a higher number of CDs are mainly distributed in the Ili River Valley, both sides of the Tianshan Mountains, and the peripheral areas of the Tarim Basin, except for the eastern part. The oases surrounding the Junggar and the Tarim Basin are also urban distribution and population-dense areas in Xinjiang [57]. However, it is very uncomfortable in the mountain regions, particularly the Kunlun Mountains. The number of CDs in this area is fewer than 20 days. This indicates that the topography greatly affects the number of CDs in Xinjiang.



For the seasonal number of CDs in Xinjiang, we found that the spring and autumn have similar distribution characteristics. There are more CDs in the western part of the Tarim Basin, reaching up to 70 days in the spring and 57 days in the autumn. The distribution of summer is more complex than that of spring and autumn. In summer, the distribution of CDs has a circular distribution. The number of CDs near Kunlun Mountain is still 0 days, and most of the Tarim Basin, the Turpan–Kumul Basin, and the southwestern part of the Junggar Basin are less than 45 days. During winter, almost all areas in Xinjiang are extremely cold and lack CDs, except for a few areas in the Tarim Basin with less than 15 CDs. The average number of CDs in each season is as follows: summer (53 d) > spring (34 d) > autumn (26 d) > winter (0 d), indicating that summer has a favorable climate during the year from the perspectives of comfort and safety.




3.2.2. Long Term Changes


Since analyzing the overall change in Xinjiang’s CDs reveals minimal variation, we conduct our analysis by examining the changes in CDs across different regions within Xinjiang. Figure 5 shows the spatial distribution of the trends in the number of CDs in Xinjiang from 1981 to 2019. We found that the eastern Tarim Basin, Junggar Basin, and Kunlun Mountain in Xinjiang are experiencing a declining trend in CDs. In most areas, the number of CDs is decreasing by 2 days per decade, with the Hami region experiencing the most significant decline, with a decrease of 5 days per decade. The Altai Mountain region, Tianshan Mountain region, Ili River Valley, western Tarim Basin, and the south edge areas of the Tarim Basin are showing an increasing trend in the number of CDs, with an increase at most 8 days per decade. These regions have become more suitable for living and tourism in the past 40 years.





3.3. Contributions of Meteorological Elements to UTCI Changes


Factors influencing the UTCI variations include air temperature, relative humidity, and wind speed. The relationship between meteorological elements and thermal comfort was analyzed based on the ERA5-Land dataset. Figure 6 shows the interannual changes in Xinjiang’s annual air temperature, relative humidity, and wind speed from 1981 to 2019, with averages of 6.996 °C, 43.002%, and 1.370 m/s, respectively. The air temperature rose significantly from 1981 to 2019 (p < 0.001), with a rate of 0.365 °C decade−1 and a total increase of 1.123 °C. The relative humidity shows a decreasing trend (p < 0.01), with an average decline of 0.779% per decade, resulting in a total decrease of 1.606%. The wind speed fluctuated greatly, but the change was insignificant (p > 0.05), indicating that the air temperature increase and the relative humidity decrease were the main climate change characteristics in Xinjiang.



Comparing the annual variations of meteorological elements to the annual variations of the UTCI and the number of CDs. We found a positive correlation between the air temperature trends and the variations in the UTCI and the number of CDs. Specifically, the correlation coefficient between air temperature and UTCI is r = 0.927 (p < 0.001), while the correlation coefficient between air temperature and CDs is r = 0.520 (p < 0.001). The correlation between wind speed with UTCI and CDs has not undergone a significance test (p > 0.05). The correlation between relative humidity and the UTCI is insignificant, and there is a negative correlation between relative humidity and CDs (r = −0.471, p < 0.01).



The spatial correlation coefficients between UTCI and CDs with air temperature, relative humidity, and wind speed in Xinjiang from 1981 to 2019 have been analyzed, as depicted in Figure 7. It showed that there are significant spatial correlations between them, and there are differences between different elements in the relevant regions. We have observed a significant and strong positive correlation between air temperature and UTCI, and this correlation is even in the whole area. Air temperature also positively correlates with CDs in most areas of Xinjiang (81%), except for the eastern part of Xinjiang, particularly in the Turpan Basin. This is because these areas experience extremely high temperatures during the summer, which reduces the number of CDs with the increase in temperature. The relative humidity is negatively correlated with UTCI and CDs, with a larger region showing significant correlations with UTCI (54%) than with CDs (20%). The relationship between wind speed UTCI and CDs is rather complex. Among them, wind speed is negatively correlated with UTCI in 68% of the areas in Xinjiang and positively correlated in 32% of the areas. Wind speed is negatively correlated with CDs in 48% of the areas and positively correlated in 52%. Generally speaking, in Xinjiang, climate comfort is positively correlated with air temperature and negatively correlated with relative humidity and wind speed. The correlation with air temperature is the strongest and most significant, followed by relative humidity, indicating that air temperature is the most important factor affecting climate comfort in Xinjiang.




3.4. Population Exposure


In order to estimate the number of people affected by climate change, we analyze the population under uncomfortable conditions. Figure 8 displays the population density maps of Xinjiang for 1990, 2000, 2010, and 2019. The population in Xinjiang is mainly concentrated in the northern slopes of the Tianshan Mountains, the Ili River Valley, and the western regions surrounding the Tarim Basin. It is distributed around major cities such as Urumqi, Ili, Kashi, and others. Population density is lower, and the high-density areas are relatively scattered. From an annual perspective, relatively high-density population areas in Xinjiang are increasing. For instance, areas with a population density exceeding 1000/km2 grew from 0.03% in 1990 to 0.14% in 2019. Additionally, there is a trend of population concentration in Xinjiang, with the maximum population density increasing from 4753/km2 in 1990 to 12,151/km2 in 2019. It can be observed that both the population distribution areas and the population growth areas in Xinjiang show similarities with the distribution of UTCI and CDs. To some extent, thermal comfort has an impact on the distribution and changes in Xinjiang’s population.



Based on the long sequence of the uncomfortable days and population distribution data, the population exposure to an uncomforting climate was explored, and its temporal-spatial change pattern was shown in Figure 9. The high population exposure was mainly concentrated in high-density population areas, primarily centered around urban agglomeration in the North Slope of the Tianshan Mountains, the Ili River Valley, and the South-Western margin of Tarim Basin. The core cities include Urumqi, Karamay, Yining, Kashi, and Hotan. These cities served as high-exposure centers and, at the same time, exhibited the largest growth from 1990 to 2015. The average population exposure for the years 1990, 2000, 2010, and 2019 are 1998, 2548, 2944, and 3540 person-day, respectively. In 1990, the area of population exposure of more than 3000 people covered 17.09% in total, which stretched to 20.98%, 22.19%, and 23.89% in 2000, 2010, and 2019. Due to the rapid population growth in Xinjiang, the population exposure rate in Xinjiang from 1990 to 2015 has also been increasing rapidly. The range and intensity of population exposure in Xinjiang have both increased over time. Consequently, the surge in population exposure in Xinjiang heightens environmental and health risks for its residents. The urgent need for immediate action to adapt to the increasing population exposure at both regional and local scales may be necessary.





4. Discussion


4.1. Comparison of the Results of Related Studies


This research is the first case study on thermal comfort conditions in Xinjiang using the UTCI index. And we have applied the latest high-resolution UTCI dataset HiTiSEA. In comparison to the UTCI dataset ERA5-HEAT (0.25° × 0.25°), the HiTiSEA (0.1° × 0.1°) dataset applied in this study has a higher spatial resolution. It provides more details on studying the spatial distribution of UTCI. As seen in Figure 10, the spatial contrast of ERA5-HEAT (b) UTCI distribution near the Tianshan Mountains is blurred, while the HiTiSEA (c) UTCI provides clearer boundaries of the Tianshan Mountains. Therefore, HiTiSEA provides us with more accurate information for our analysis of UTCI, making our related analyses more precise. Therefore, the assessment of the UTCI index in East Asia and South Asia is recommended using the HiTiSEA dataset.



Currently, only one Chinese paper focuses on climate comfort in Xinjiang, which is based on the combination of THI, ICL, and CCI indices [58]. Similar to its research findings, the climate comfort is slightly cold and relatively comfortable in Xinjiang and has generally improved towards a warmer level. Jinkui Wu et al. analyze the variation of UTCI of Kashi during 1979–2018, a major city in southern Xinjiang. The findings reveal that the Kashi shares a similar stress with Xinjiang, with thermal perception at the coolish level and moderate cold stress. The increase rate of the UTCI in Kashi (0.31 °C/decade) is lower than the overall average for Xinjiang (0.37 °C/decade) [59]. Di Zeng et al. analyzed China–Pakistan Economic Corridor’s (CPEC) spatial–temporal pattern of UTCI during 1979–2018, which covers the part area of southwest Xinjiang. Most areas of CEPC exhibit “moderate heat stress”, and autumn has the most CDs, which differs from Xinjiang. Moreover, the increased rate of UTCI in CPEC (0.33 °C/10a) is slower than in Xinjiang [60,61].



In comparison to research using the UTCI for climate comfort in China, we found that the most widely distributed thermal stress in China is Moderate cold stress (35.43%), while in Xinjiang, the most widely distributed thermal stress is Slight cold stress (42.53%). In both Xinjiang and China average, the distribution of UTCI in the spring and autumn is like the annual pattern. Summer offers the highest proportion of “No thermal stress”, while winter exhibits the lowest [32,62]. The growth trend of the UTCI in Xinjiang is higher than the China average growth rate (0.22 °C decade−1) [37]. The relevant research indicates that the rate of temperature increase in Xinjiang is higher than the China average. This suggests that influenced by temperature changes, the increase of the UTCI in Xinjiang is also higher than the national average in the context of climate change. The UTCI in summer has been increasing in all regions of China; Northern Xinjiang has the second largest increase rate where the average UTCI increase rate is 0.047 °C/a, consistent with the results of the summer UTCI growth rate presented in this article (0.043 °C/a) [35].




4.2. Implications for Tourism Development


Climate comfort is a vital tourism resource and a significant limiting factor for tourism development. The comfort level and length of the comfort period have important practical significance for tourism development [61]. As suggested by Ge et al. [62], regions with large diurnal climate variability, such as Xinjiang, should give more detailed information for tourists to make decisions and for the relevant government departments and tourism enterprises to formulate policies and plans. Our results indicate that, overall, the tourism climate is not an advantage for tourism in Xinjiang. The annual average climate comfort is slightly on the cooler side, and there are significant seasonal variations. Specifically, the summer has universal and sufficient climate resources, but they are inadequate for winter throughout the whole region. Studies by Kong and others [63] show that northern Xinjiang is an ideal destination for “Bsunbird” tourism throughout summer. In the summer, except for the Tarim Basin and Turpan Basin interior areas, almost the entire season in other parts of Xinjiang is characterized by CDs. The summer provides the best time for tourists to be outside, and a favorable climate can be integrated with other tourism resources in the design of tourism products, such as hiking and mountaineering. According to the results of Lei Hua et al., the number of top tourist attractions with the best climate comfort level is relatively high in spring and autumn in China, so Xinjiang’s tourist attractions have a greater opportunity to attract visitors [33]. In the spring, except for the northern regions of the Junggar Basin and mountainous areas, the number of CDs exceeds 45 days, allowing areas such as Yining and Urumqi to develop spring skiing, while places like Kashi and Turpan can develop folk-custom tourism. In autumn, cities like Aksu and Hotan, located in the northern and western parts of the Tarim Basin, can develop tourism activities that combine the sightseeing of golden Populus euphratica leaf and Taklamakan Desert.



Based on the trends in UTCI and CD changes, we have observed the increasing UTCI and the lengthening of CDs in Xinjiang. In this context, climate change potentially benefits the health and well-being of the residents of Xinjiang, as well as fosters opportunities for the development of tourism in this region.




4.3. Limitations of the Study


Some limitations should be addressed in the future. Firstly, this study focuses exclusively on climate comfort in Xinjiang, with a relatively limited spatial scope, which imposes certain constraints on the spatial scale of the research. Furthermore, although the UTCI is a widely used bioclimatic index in climatology research and has yielded results in studies across various climate category regions worldwide, it still has some deficiencies. Notably, in the UTCI-clothing model, the thresholds of the UTCI mainly depend on the individuals of European and American backgrounds and may not be consistent with Chinese or Asians on this point, which may bring some error to calculation results. In the future, the studies should modify the model and adjust the classification standard according to the local climate conditions and people’s character. In addition, this study only considers the daily average UTCI and does not consider the maximum and minimum values of the UTCI, ignoring the daily UTCI fluctuations and extreme conditions. Last, it is worth knowing the changes in the regional climate comfort pattern under future climate scenarios using the latest CMIP6 climate models extension of the present study.





5. Conclusions


This research is the first study to use the UTCI to evaluate thermal comfort’s spatial and temporal characteristics in Xinjiang. Based on a newly developed high-resolution dataset HiTiSEA, the distribution and trends of UTCI and CDs during 1981–2019 are comprehensively assessed, and an in-depth study on the relationship between thermal comfort conditions with meteorological elements and population is conducted. The key findings of this study are the following:




	(1)

	
From 1981 to 2019, the mean annual UTCI over Xinjiang was 3 °C and has significantly increased at a rate of 0.37 °C decade−1. This indicates that the thermal stress over Xinjiang is “slight cold stress” and is changing in a good direction under the background of global warming. On the annual and seasonal scales, 7 of the 10 UTCI thermal stress categories were experienced, ranging from very strong cold stress to strong heat stress. The ranking of climate comfort level by season is summer > spring > autumn > winter. The growth rate by season is spring > summer > autumn > winter, suggesting the climate conditions in summer are the best while winter’s is the worst. Spatially, the distribution of UTCI is influenced by topography and exhibits characteristics where the basin is higher than the mountainous areas.




	(2)

	
The mean annual number of CDs is 114 days, with the range of 0 to 189 days. The highest number of CDs were observed in the Ili River Valley, both sides of the Tianshan Mountains, and the peripheral areas of the Tarim Basin, which exceeded 180 days. The lowest CD number was recorded in the Kunlun Mountains, with CDs of fewer than 20 days. Seasonal analysis shows that in spring and autumn, relatively large CD values occur in the western part of the Tarim Basin with 70 days. During summer, high CD values have a circular distribution around the basin (>75 days). During winter, regions are extremely cold and lack CDs. The change of CDs shows an increasing trend of 0–8 d/decade−1 in the Altai Mountains region, Tianshan Mountain region, Ili River Valley, and western Tarim Basin. Other region shows a decreasing trend of 0–6 day.




	(3)

	
For the related climate variables, air temperature and climate comfort are positively correlated in Xinjiang, and relative humidity and wind speed were negatively correlated. Compared to other variables, air temperature is the most crucial factor affecting climate comfort in Xinjiang.




	(4)

	
In the last 30 years, the range and intensity of population exposure to uncomfortable climate in Xinjiang have increased. The high population exposure was mainly concentrated around urban agglomeration in the North Slope of the Tianshan Mountains, the Ili River Valley, and the South-Western margin of Tarim Basin, with significant exposure area and population expansion.
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Figure 1. The location of the study area (map approval number: GS (2019) 1686). 
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Figure 2. The mean annual and seasonal spatial distribution of UTCI for 1981–2019. 
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Figure 3. Trends of UTCI in Xinjiang for (a) annual and (b) seasonal during 1981–2019. 
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Figure 4. The mean annual and seasonal spatial distribution of CDs for 1981–2019. 
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Figure 5. Spatial distribution of CDs trends in Xinjiang during 1981–2019. 
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Figure 6. Changes in the average air temperature (a), relative humidity (b), and wind speed (c) in Xinjiang during 1981–2019. 
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Figure 7. Spatial correlation coefficients between: (a) Air Temperature–UTCI; (b) Relative Humidity-UTCI; (c) Wind Speed-UTCI; (d) Air Temperature–CDs; (e) Relative Humidity-CDs; (f) Wind Speed-CDs in Xinjiang from 1981 to 2019. 
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Figure 8. The distribution of population size in Xinjiang in 1990 (a), 2000 (b), 2010 (c), and 2019 (d). 
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Figure 9. The population exposure under uncomfortable thermal conditions in 1990 (a), 2000 (b), 2010 (c), and 2019 (d). 
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Figure 10. The satellite image (a), the distribution of UTCI from ERA5-HEAT (b) and HiTiSEA (c) for the region of Tianshan Mountains on 22 June 2019. 
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Table 1. Assessment scale of UTCI.
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	UTCI Range (°C)
	Stress Category





	UTCI ≥ 46
	Extreme heat stress



	38 ≤ UTCI < 46
	Very strong heat stress



	32 ≤ UTCI < 38
	Strong heat stress



	26 ≤ UTCI < 32
	Moderate heat stress



	9 ≤ UTCI < 26
	No thermal stress



	0 ≤ UTCI < 9
	Slight cold stress



	−13 ≤ UTCI < 0
	Moderate cold stress



	−27 ≤ UTCI < −13
	Strong cold stress



	−40 ≤ UTCI ≤ −27
	Very strong cold stress



	UTCI < −40
	Extreme cold stress










 





Table 2. The percentage of thermal stress categories of Xinjiang for 1981–2019.
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	Percentage

(%)
	Very Strong Cold Stress
	Strong Cold Stress
	Moderate Cold Stress
	Slight Cold Stress
	No Thermal Stress
	Moderate Heat Stress
	Strong Heat Stress





	Annual
	0
	4.35
	25.51
	42.53
	27.61
	0
	0



	Spring
	0
	4.69
	17.46
	36.77
	41.08
	0
	0



	Summer
	0
	0
	2.72
	12.95
	56.68
	27.57
	0.08



	Autumn
	0
	4.67
	29.01
	52.52
	13.8
	0
	0



	winter
	4.17
	41.99
	53.84
	0
	0
	0
	0
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