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Abstract

:

Based on the monthly observation data of major surface meteorological observatories in Northwest China from 1960 to 2019, this paper uses the temperature and humidity index (THI), wind efficiency index (WEI), and clothing index (ICL) to construct a comprehensive climate comfort index evaluation model. This model was used to quantitatively evaluate the change characteristics of climate comfort in Northwest China against the background of climate warming. The results show that the overall climate comfort index in Northwest China is on the rise. In terms of space, an increase in the climate comfort index means an increase in the comfort zone, with the largest increase in the southeastern part of Gansu Province and the southern part of Shaanxi Province. The trend of change is that the increase in the north is greater than that in the south, and the higher the latitude, the greater the change. The space range of the comfort zone and the sub-comfort zone is generally expanding, and the climate is gradually becoming more comfortable. In terms of time, an increase in the climate comfort index means an increase in the climate comfort period, and the annual comfort index shows an increasing trend. The comfort period is mostly distributed in summer, with the most suitable cities in May and September, followed by June.
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1. Introduction


Climatic comfort refers to the climatic conditions under which people can ensure the normal progress of physiological processes without resorting to any cold and heat-relief measures [1]. It is used to evaluate the comfort state of the human body under different climatic conditions from the perspective of meteorology. A bio-meteorological index is based on the heat exchange between the atmospheric environment, which reflects the human body’s awareness of the degree of satisfaction with the thermal environment [2]. At the same time, it is also an important factor to measure the impact of climate change on tourism activities and human settlements [3]. The difference in climatic comfort in different regions directly leads to the length and seasonal distribution of the regional climatic comfort period, which is of decisive significance for the attractiveness of regional tourist destinations and the development of regional tourism.



Foreign scholars started early in the study of climate comfort. In the 1920s, Houghthon and Yaglou [4] determined the iso-comfort line of naked men with two variables including temperature and humidity and proposed an effective temperature index with far-reaching influence. Burton et al. systematically described the effect of temperature and humidity on comfort [5]. Subsequently, Thom [6] and Terjung [7] successively proposed discomfort index, comfort index, and wind efficiency index, which enriched the theoretical research on climate comfort. Since then, research related to climate comfort has begun to develop and gradually build various climate comfort indexes and evaluation models such as temperature and humidity index, wind efficiency index, clothing index, etc. Oliver [8] proposed and established a temperature–humidity index and a wind–cold index scale, created applied climatology, and research related to climate comfort gradually became mature. Research on the relationship between climate change and tourism is also comprehensive, focusing on the impact of climate on tourism demand [9], the impact of temperature on tourist demand [10], and climate influences on tourism destinations [11] and other aspects.



Domestic research on tourism climate started relatively late, but the development progress is relatively fast. Most of the early studies on tourism climate in China focused on the evaluation of tourism climate resources [12,13,14,15], and later studies combined comprehensive analysis of tourism development [16,17]. After more in-depth research, it is found that it is more scientific and convenient to use various meteorological factors to evaluate tourism climate. Therefore, after Zhang Jianguang and Feng Yunfei introduced the concept of “agreeableness” [18], research on tourism climate comfort has developed rapidly in China [19,20,21,22]. After entering the 21st century, research on climate comfort is no longer limited to a single scenic spot or city, but a comprehensive evaluation from a large spatial scale [23,24,25,26,27]. With the introduction of geographic information technology and fuzzy evaluation methods, climate comfort evaluation has gradually developed in the direction of accuracy [28,29,30,31]. In addition, some scholars have researched the impact of climate comfort changes on tourist flow [22,32,33], all of which have achieved a series of results.



The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report pointed out that the global temperature has increased substantially since 1951 [34], and under the simulated scenarios of different emission concentrations, the future temperature will continue to rise [35]. Global warming has become an indisputable fact and has formed a differential regional climate response [36], which objectively causes climate comfort and comfort period to have different characteristics in different regions, and to a certain extent, it affects the quantity and quality of tourism resources, leading to changes in the flow and direction of tourism activities [37]. Northwest China has a vast territory, a large east–west span, and complex and diverse underlying surface conditions. Therefore, regional differences in climate change are particularly prominent, and the degree of impact on different regions is not the same [38,39]. Research on climate comfort in the Northwest has only gradually started in the past 10 years [40,41,42,43]. As an important part of the Silk Road, the northwestern region is rich in natural landforms, diverse ethnic customs, and cultures, and tourism resources are cross-cutting and similar, but each has its characteristics. Therefore, the development of tourism has obvious advantages. With the further warming of the global climate, the study of tourism climate comfort should receive more and more attention and become one of the important contents of human settlement environment climate assessment and tourism climate resource evaluation.



However, the current research on climate comfort in the Northwest is mostly for a single city or a single province, and there are few studies on the comfort of the entire Northwest (including Shaanxi, Gansu, Ningxia, Qinghai, and Xinjiang). Furthermore, there is a relative lack of long-time scale (60 years) studies on, and regular analysis of, changing climate comfort characteristics. Especially since the 1950s, against the background of global warming and the accelerating trend of warming, the climate comfort period in Northwest China is bound to change to varying degrees, which will have an important impact on the human settlement environment and tourism resources in the future. Based on this, this article builds a comprehensive climate comfort index based on 60 years of climate statistics, using temperature and humidity index (THI), wind efficiency index, (WEI), and clothing index (CCI). This paper systematically analyzes the spatiotemporal evolution of the 60-year tourism climate comfort of 30 representative cities in Northwest China against the background of climate warming. The paper calculates the statistical comfort period distribution through hierarchical assignment and weighting, and uses kriging spatial interpolation and spatial clustering to deeply study the change types and trends of the climate comfort index. It further analyzes the characteristics of the spatial range changes of different comfort levels against the background of climate change, in order to explore the best travel time in each region. This reveals the differences in the temporal and spatial distribution of climate comfort in different regions in the study area, so as to provide a theoretical basis for the rational development of tourism climate resources.




2. Data Sources and Research Methods


2.1. Data Source


The meteorological data in this article come from the China Meteorological Data Network (https://data.cma.cn/), which mainly includes the monthly average temperature, relative humidity, and average wind speed of major tourist cities in Northwest China from 1960 to 2019. The 30 ground meteorological observation stations in the northwestern region were selected according to the principles of urban tourism scale, climate representativeness, tourism representativeness, and spatial dispersion. The distribution of research areas and stations is shown in Figure 1a, and Figure 1b shows the division of climate types in Northwest China. The four seasons are divided into spring from March to May, summer from June to August, autumn from September to November, and winter from December to February.




2.2. Research Methods


2.2.1. Evaluation Index of Climate Comfort


Based on previous studies [30,42,44,45], this paper selects three general indexes in the evaluation index of tourism climate comfort, including temperature and humidity index (THI), wind efficiency index (WEI), and clothing index (ICL), as follows:




	
Temperature and humidity index (THI). This indicator reflects the heat exchange between the human body and the surrounding environment through the combination of temperature and humidity [40]. The value of THI can be compared with the corresponding human body experience, as shown in Table 1. The calculation formula is:


  T H I =  (  1.8 t + 32  )  − 0.55  (  1 − f  )   (  1.8 t − 26  )   



(1)




where THI is the temperature and humidity index; t is the temperature in Celsius (°C); f is the relative humidity (%).



	
Wind efficiency index (WEI). It refers to the influence of wind speed and air temperature on the heat loss of the naked human body. It considers the heat dissipation of the body surface and the heat gain of the human body after solar radiation. Its physical meaning refers to the amount of heat exchange per unit area of the body surface when the skin temperature is 33 °C (positive value is heat absorption, a negative value is heat dissipation) [45,46]. The value of WEI can be compared with the corresponding human body experience, as shown in Table 2. The calculation formula is:


  W E I = −  (  10  V  + 10.45 − V  )   (  33 − t  )  + 8.55 S  



(2)




where WEI is the wind chill index; V is the wind speed (m/s); t is the temperature in Celsius (°C); S is the sunshine hours (h/d).



	
Clothing index (ICL). The above two models only consider the impact of climatic factors on the naked skin of the human body, but in some cases the human body can change the discomfort caused by the climate through clothing [22]. The standard model for calculating the ICL was proposed by Australian scholar Freitas [47]. This model has been widely used in practical research. The value of ICL can be compared with the corresponding clothing, as shown in Table 3. The calculation formula is:


  I C L =   33 − t   0.155 H   −   H +  a    R  cos α     (  0.62 + 19  V   )  H    



(3)




where ICL is the clothing index; t is the temperature in Celsius (°C); H is 75% of the human body’s metabolic rate (W/m2), the human body’s metabolic rate under light activity is 116 W/m2, and the value used in this paper is 87 W/m2; a is the human body’s absorption of solar radiation, which is related to the body’s posture, clothing albedo, and the sun’s direct radiation, scattering and reflection. The value in this paper is 0.06, which corresponds to black clothing; R is the solar radiation received by a unit area of land with vertical sunlight, generally taking the solar constant R = 1367 W/m2 [31]; α is the solar altitude angle. This article uses the average conditions of various regions, assuming that the latitude is β, and the altitude angle of the sun in summer is 90 − β + 23°26′, the height of the sun is 90 − β − 23°26′ in winter. The sun is located near the equator in spring and autumn, and the average solar height is 90 − β; V is the average wind speed at a height of 2 m from the ground, the unit is m/s.








Starting from the three most important factors affecting climate comfort, this article first calculated the THI, WEI, and ICL of each station, and conducted a qualitative analysis of the tourism climate comfort of each city. Taking the CCI as the basic reference condition for the classification of comfort levels, five levels are divided according to the temperature and humidity index, wind efficiency index, and clothing index, which are the most suitable, suitable, less suitable, unsuitable, and extremely unsuitable, respectively. To quantitatively evaluate the comfort of tourism climate, 1, 3, 5, 7, and 9 are used to assign values to provide a basis for the quantitative analysis and comparison of various factors and the use of exponential weighting to comprehensively evaluate the comfort of tourism climate.




2.2.2. Comprehensive Climate Comfort Index (CCI)


To comprehensively reflect the above three indicators, they are converted into relative human feelings. Based on the THI, WEI, and ICL, the above indexes are assigned corresponding grades; finally, the CCI is calculated according to the weights [1]. The calculation formula is:


  CCI = 0.6  X  T H I   + 0.3  X  W E I   + 0.1  X  I C L    



(4)




where CCI is the comprehensive climate comfort index; XTHI, XWEI, and XICL are graded assignments of THI, WEI, and ICL respectively. In order to quantitatively evaluate the comfort of tourism climate, the values of 9, 7, 5, 3, and 1 are respectively used to reflect its comfort level. The weight coefficients of each index are 0.6, 0.3, and 0.1. Based on Ma Lijun et al.’s climate comfort classification standards and symbol [1], we stipulate, as shown in Table 4, that the higher the value, the higher the climate comfort level.




2.2.3. Kriging Spatial Interpolation Method


To study the distribution characteristics of tourism climate comfort in Northwest China, this paper uses ArcGIS 10.4 software for spatial interpolation. Among various spatial interpolation methods, the advantage of kriging interpolation is the ability to fully consider the spatial correlation of known data points. Among them, co-kriging can consider the influence of terrain factors such as elevation, and the accuracy is relatively high [48]. Therefore, this paper chooses to use the co-kriging interpolation method to interpolate the climate comfort index using the elevation data of the study area sites to obtain the spatial distribution of climate comfort in the northwest region to characterize the distribution characteristics of climate comfort in the northwest region.






3. Results and Analysis


3.1. Variation Characteristics of THI, WEI, and ICL


3.1.1. Annual Scale Change


Table 5 shows the annual scale change characteristics of the THI, WEI, and ICL in the Northwest region in the past 60 years. The THI and WEI have shown an increasing trend, while the ICL has shown a decreasing trend. The THI varies from 49.94 to 51.74, with an increasing trend of 4.05/10a. The cyclical trend takes 1989 as the demarcation point, and the THI fluctuated at an average of 49.96. After 1989, the rate of increase was relatively large, and although the human body still feels that it is in the range of “cold, sub-uncomfortable”, the increase is more obvious. The change range of the WEI varies from −501.43 to −469.87, and the increasing trend is 93.10/10a. The cyclical trend takes 1999 as the demarcation point, the increase rate was faster before this, and the increase rate was slightly slower after 1999. The WEI is currently in the “cool wind, sub-uncomfortable” range, and this kind of slightly cold feeling is decreasing; the human body’s perception of cold is more obvious. The changing trend of the ICL is relatively stable, from 1.75 in 1960 to 1.65 in 2019, with a decreasing trend of 0.23/10a. The appropriate clothing is common winter casual wear, which is in the “sub-discomfort” range. However, the decreasing trend of the ICL shows that the thickness of people’s clothes is gradually decreasing, which indirectly indicates that the temperature in the northwestern region has shown an upward trend in the past 60 years.




3.1.2. Seasonal Scale Changes


Figure 2 shows the seasonal variation characteristics of the THI, WEI, and ICL in Northwest China in the past 60 years. It can be seen that the annual difference of a single index is large. The index values of spring and autumn are relatively close, while the index values of summer and winter are quite different. Among them, THI and ICL are comfortable values in summer, and WEI is comfortable values in spring, summer, and autumn. According to the calculation of the monthly average value in Table 3, the average values of THI, WEI, and ICL in spring are 53.36, −463.48, and 1.58. The human body feels slightly cold (sub-uncomfortable) and cool wind (sub-comfort), appropriate to wear as common winter clothes (sub-uncomfortable). The average values of the three indexes in summer are 67.53, −197.36, and 0.79. The human body feels warm (sub-comfort) and warm wind (sub-comfort), suitable for wearing shirts and casual clothes (comfort). The average value of the three indexes in autumn is 50.44, −470.66, and 1.70. The human body feels slightly cold (sub-uncomfortable), cool wind (sub-comfortable), and it is necessary to wear common winter clothing (sub-uncomfortable). The average values of the three indexes in winter are 32.52, −764.11, and 2.69. The human body feels extremely cold (very uncomfortable), has slightly cold wind (sub-uncomfortable), and needs to wear a down jacket or fur sweater products (very uncomfortable).



THI is increasing year by year, with the largest in summer and the smallest in winter, with large differences between months. The increasing trend in spring is the largest, which is 5.10/10a. Obviously, climate change has a greater impact on spring, which also shows that temperature and relative humidity in spring are increasing year by year. The WEI varies greatly during the study period and shows an increasing trend year by year. Therefore, the difference in the perception of wind chill by the human body is also large. The increasing trend in spring is the most significant, which is 142.52/10a, indicating that the temperature and wind speed in spring is gradually increasing. The WEI in summer is the largest, and the WEI in winter is the smallest, but the increasing trend is second only to that in spring, indicating that the temperature and wind speed in winter is increasing year by year, and the wind chill perceived by the human body is decreasing. The ICL is the largest in winter and the smallest in summer. It generally shows a gradual decrease trend. The decreasing trend of the ICL in autumn is significant, which is −0.3/10a, which shows that the weather factors such as temperature, wind speed, and sunshine duration in autumn are also increasing year by year, and the clothing thickness is gradually decreasing.





3.2. Distribution Characteristics of Comprehensive Climate Comfort Index


3.2.1. Distribution Characteristics of the Comprehensive Climate Comfort Index during the Year


The spatial distribution characteristics of the annual variation of the comprehensive climate comfort index in Northwest China are shown in Figure 3. It can be seen from Figure 3 that the CCI (Comprehensive Climate Comfort Index, the same below) fluctuates between 2.48 and 6.47, and the overall rating is “sub-comfortable”. This is due to the vastness of the northwestern region, the complex terrain, and the large differences in human sensations brought about by different regions. Among them, the areas with high CCI are mainly distributed in southeastern Gansu (Wudu) and southern Shaanxi (Ankang and Shangxian), with comfort values ranging from 5.93 to 6.47, which belong to the “sub-comfortable” level. The area belongs to the temperate monsoon climate. The factors affecting the comfort index of this area may be caused by the extremely hot weather in summer, which makes people feel extremely hot. Appropriate cooling and summer sheltering methods can help improve human comfort. The CCI of Hami and Kashgar in Xinjiang and Baoji and Hanzhong in Shaanxi is the second place, with a comfort value ranging from 5.60 to 5.70, which belongs to the “sub-comfortable” level. In terms of average level, the climate in the above two regions is more suitable throughout the year, which is suitable for the comprehensive development and utilization of people’s living and tourism resources. The relatively low CCI in Hezuo, Yushu, and Tuotuohe areas may be due to the high altitude, relatively low annual average temperature, and the human body feeling extremely cold. Suitable warmth and cold protection help improve human comfort.




3.2.2. Seasonal Characteristics of Comprehensive Climate Comfort Index


Figure 4 shows the spatial distribution characteristics of the seasonal variation of the Comprehensive Climate Comfort Index (CCI) in Northwest China. It can be seen from Figure 4 that the spatial distribution characteristics of the CCI in different seasons are generally similar. In spring and autumn, the comfort index in the east and west is higher than that in the central region, and in winter and summer, the comfort index in the east is higher than that in the west.



The spring CCI (Figure 4a) varies from 2.07 to 7.60 as a whole. Among them, the western region (Aksu, Hami, and Kashgar) and the southeast region (Shang County, Ankang, Wudu, and Tianshui) have a comfort value of 7.13–7.60, and the human body feels “comfortable”. The Tuotuohe area has the lowest comfort value, only 2.07. The human body feels “uncomfortable”. The reason may be that the area is deep in the hinterland of the Qinghai-Tibet Plateau, the terrain is closed, the weather is changeable, and the temperature is low all year round.



The summer CCI (Figure 4b) varies from 3.53 to 9.00. There are large differences between different regions, but generally speaking, summer “comfort” and “sub-comfort” levels account for the majority, of which high comfort values are concentrated in the eastern region. Central and eastern Gansu (Jiuquan, Zhangye, Wuwei, Yuzhong, Xifeng), Ningxia (Zhongwei, Guyuan), central and eastern Qinghai (Golmud, Xining), and the Altay region of Xinjiang all belong to the “comfort” level, with a range of changes between 7.13 and 9.00. The “sub-comfortable” regions were distributed in Hanzhong, Ankang, Turpan (the lowest comfort value is 3.53), and Tuotuohe. The reason for the “sub-uncomfortable” level in the first three regions may be the high temperature in summer and the warm feeling of the human body. Therefore, it is not suitable to travel, and proper cooling and sheltering methods are particularly important. The Tuotuohe area may be caused by the low average temperature. In addition, there was no “uncomfortable” area in the Northwest in summer.



The autumn CCI varies from 2.07 to 7.13 (Figure 4c). Except for a few areas, it was distributed in a more obvious band. There are three areas with high comfort levels, namely the west, north-central, and southeast regions. Among them, Ankang and Shang counties in the southeast have the largest CCI (7.00–7.13), and the human body feels “comfortable”. The “uncomfortable” areas in autumn were only distributed in the Tuotuohe (2.07). In addition, other areas were classified as “sub-comfortable” or “sub-uncomfortable”, with pleasant weather and suitable for tourism and travel.



The winter CCI (Figure 4d) was generally low, varying between 1.00 and 4.60, and the overall comfort level distribution trend decreases from southeast to northwest. The “sub-comfortable” areas are only distributed in Wudu (5.2), Gansu, and the “sub-uncomfortable” areas are distributed in southern Shaanxi (Baoji, Hanzhong, Shangxian, Ankang). Other areas are in the “uncomfortable” range, and daily cold and frost protection are extremely important.



In summary, the CCI levels in spring, summer, and autumn in Northwest China were basically “sub-comfortable” levels, and the winter CCI is “uncomfortable” levels. In general, the CCI index levels are ranked as summer > spring > autumn > winter. Therefore, it is particularly important to formulate scientific and reasonable travel plans and arrangements for the comfort index of different seasons.





3.3. Variation Types and Trends of Comfort Evaluation Indicators and Climate Comprehensive Comfort Index


According to formula (4), we calculated the THI, WEI, ICL, and CCI of representative cities in Northwest China in 1960 and 2019. Figure 5 shows the spatial change types and trend changes of the comfort evaluation index and the comprehensive comfort index in Northwest China. Taking the difference between two-time points as variables, it was divided into four types using co-kriging interpolation and spatial reclassification methods. A negative difference indicates that the comfort level of the corresponding evaluation index is decreasing, and a positive difference indicates that the comfort level is increasing. Through spatial reclassification, the types of growth or decrease were further divided into three different sub-types: low-speed growth (or decrease), medium-speed growth (or decrease), and high-speed growth (or decrease). The overall performance of CCI shows an increasing trend from south to north (Figure 5a), the comfort index centered on Turpan and Hami is increasing rapidly, and cooperation is decreasing. In addition, there are some cities where the comfort level has not changed significantly. The overall trend of THI (Figure 5b) is increasing from southeast to northwest. Yushu in southeastern Qinghai shows a decreasing trend, while Hotan, Aksu, Karamay, and Turpan in the west and north of Xinjiang are high-growth areas. It was found that these cities are mostly distributed in basins and oasis plains, indicating that topographical factors related to temperature and humidity changes play an important role. Compared with the THI, the WEI has a more obvious band-like distribution (Figure 5c) that gradually increases from the southeast to the northwest. The high-speed growth areas are Altay, Karamay, Aksu, Turpan, and Korla. The medium-speed growth areas are Kashgar, Hotan, and Hami. The areas to the east of Xinjiang are all low-speed growth areas, and the distribution of the reduction area is not obvious. It can be seen that as the latitude increases, the temperature and wind speed also tend to increase. ICL also shows a more obvious strip-like distribution (Figure 5d), showing a trend of decreasing from southeast to northwest, especially in Xinjiang, where people’s clothing thickness gradually decreases. There is no increased area, the reason for which may be related to the increase in temperature and decrease in wind speed.



Through the analysis of the types of changes in the above-mentioned climate comfort evaluation index, we found that the climate comfort in the study area has changed significantly. The comfort of cities near the north increases faster than the southern cities. The higher the latitude, the greater the change and the lower the latitude. The smaller the change, or even no change.




3.4. Distribution of Climatic Comfort Periods and Changes in the Range of Different Comfort Levels


3.4.1. Distribution within the Year of the Climate Comfort Period


Based on the climate comfort classification standard of Ma Lijun et al. [1], we divided the comprehensive climate comfort index into four levels: comfort, sub-comfort, sub-discomfort, and discomfort. The higher the value of the comfort index, the higher the comfort level. Table 6 shows the changes in different climate comfort periods of representative cities in Northwest China from 1960 to 2019. It can be seen from Table 6 that Wudu has a comfortable period of up to 7 months, Hezuo and Yushu have only a comfortable period of one month, and Tuotuohe does not have a comfortable period. The average monthly “comfort period” in the study area is 4.1 months. Each city has a sub-comfort period. Korla and Hotan have a sub-comfort period of 5 months, and the monthly average “sub-comfort period” is 3.2 months. The distribution of sub-discomfort periods in the study area in the past 60 years is relatively small. Most cities have only one month, except Hanzhong and Turpan (5 months). The monthly average “sub-discomfort period” is 1.8 months. In addition, there are no uncomfortable periods in Altay, Karamay, and Hotan. The longest “discomfort period” is the Tuotuohe (7 months), which was mainly caused by the low temperature in winter and the coldness of the human body. Wudu and Ankang have no discomfort period distribution, and the monthly average “discomfort period” is 3.6 months. According to the changes in the comfort index during the year, they were divided into two types. “Summer-friendly” includes 13 cities such as Jiuquan. During the year, the comfort level changes in an inverted “U” shape. “Spring and autumn-friendly” includes 17 cities including Yulin. The city’s comfort level during the year showed an “M” type change, and there was no “winter-friendly” city in the study area.



Take the comprehensive climate comfort as the “comfortable period” and the “comfortable period” as the criteria for suitable travel months for analysis. We found that there were no cities suitable for tourism in the major tourist cities in Northwest China from January to February and November to December (except for some cities in the subtropical monsoon climate zone). There are 29 cities suitable for tourism in May and September. Followed by June, there are 28 cities suitable for tourism. There are 27 cities suitable for tourism in July and August, and 26 cities suitable for tourism in April and October.




3.4.2. Changes in the Range of Climate Comfort Levels


Figure 6 compares the spatial variation range of the annual and seasonal climate comfort levels in Northwest China in 1960 and 2019. The color from light to dark represents the comfort level from low to high. It can be seen from Figure 6 that in the past 60 years, the range of comfort levels in different seasons has changed significantly. On the whole, the range of the comfort zone has become significantly larger, and the range of the discomfort zone has not changed significantly.



Figure 6a,b show the changes in the spatial range of climate comfort levels throughout 1960 and 2019. It can be seen that the comfort zone was only distributed in Ankang in 1960. The range of comfort zones increased significantly in 2019. The newly added comfort zones include Hanzhong, Shangxian, Turpan, and Hami. During the 60 years, the range of the sub-comfort zone expanded to the south and north, respectively, and the range of the sub-discomfort zone was reduced. The discomfort zone only appeared in the Tuotuohe.



Comparing Figure 6c and Figure 6d, it can be found that the range of the comfort zone and the discomfort zone in spring has increased significantly, showing an obvious band-like distribution, and the level changes between regions are quite different. In the spring of 1960, the comfort zone was only distributed in Kashgar in the west and Ankang in the southeast. In the spring of 2019, Hotan, Aksu, and Korla in Xinjiang were added to the comfort zone, and Hanzhong, Baoji, Tongchuan, and Shang counties in the southeast were added. The scope of the sub-comfort zone is shrinking, while the scope of the discomfort zone is expanding northward. The newly added cities are Hezuo and Xining.



Comparing Figure 6e and Figure 6f, the changes between different comfort levels in summer are small, and the boundaries of different comfort levels are clearer. What is certain is that the range of comfort zones is also increasing, mainly in central and eastern Gansu, northeastern Qinghai, most of Ningxia, and northern Shaanxi. The newly added comfort zones include Dulan, Zhongwei, Yinchuan, Tianshui, and Yulin. The range of sub-comfort zone and discomfort zone change is not obvious, and the sub-comfort zone accounts for a relatively large proportion in the study area.



Comparing Figure 6g and Figure 6h, there was no comfort zone distribution in the autumn of 1960, and the comfort zone was only distributed in Ankang in 2019. Overall, the sub-comfort zone accounts for a relatively large proportion, mainly distributed in the plains in the eastern northwest and the oasis plains in Xinjiang. In 2019, the scope of the sub-comfort zone was expanded to Altay, Jiuquan, Zhangye, and Wuwei, and the sub-comfort zone occupies a relatively large area and the area tends to expand northward. Qinghai, southeastern Xinjiang, and southwestern Gansu are sub-discomfort zones, and the discomfort zones were only distributed in Tuotuohe.



Comparing Figure 6i and Figure 6j, the overall comfort level in winter is relatively low, there is no comfort zone and sub-comfort zone distribution, and the discomfort zone in the study area accounts for a relatively large proportion. In the winter of 1960, the less comfortable zones were distributed in Wudu, Tianshui, Hanzhong, Baoji, Ankang, Shangxian, and Tongchuan. In the winter of 2019, Tongchuan became an uncomfortable zone. The scope of the sub-discomfort zone is shrinking, indicating that the climate comfort in winter is declining, and people need to take timely measures to keep out the cold and plan travel plans reasonably.



Generally speaking, the range of “comfort zone” increases in spring and summer, slightly increases in autumn, and there is no comfort zone in winter. The range of comfort zone is spring > summer > full year > autumn; “sub-comfort zone” decreases in spring and summer. In autumn, there is no sub-comfort zone in winter. The range of sub-comfort zone is autumn > summer > all year > spring; “sub-discomfort zone” increases in spring, but decreases in autumn and winter, and there is no sub-discomfort zone in summer. It is the whole year > autumn > spring > winter; the “uncomfortable zone” does not change significantly in autumn and winter, but the increasing trend is significant in spring. The range of discomfort zone is arranged in winter > spring > summer.






4. Discussion


With the acceleration of urbanization and global warming, the climatic comfort of the human living environment has undergone major changes, and there are differences in regional temporal and spatial characteristics [49,50,51]. The climate comfort of a specific area is an important indicator of climate change that affects the human living environment. It is a comprehensive manifestation of coordinating the construction of regional ecological civilization, coping with climate change and disaster prevention and mitigation, and is the basic guarantee for realizing regional green and sustainable development. Based on THI, WEI, ICL, and CCI, this paper establishes a comprehensive climate comfort evaluation model and uses this model to complete the analysis of climate comfort in 30 representative cities in Northwest China. The results show that the annual average climate comfort in Northwest China ranges from south to the northwest in an upward trend that is gradually significant. Among them, the summer climate comfort value is the largest, and the range of the comfort zone increases significantly in spring and summer. May and September have the most cities suitable for tourism. This is consistent with the results of previous studies [51,52].



In recent years, different regions in the Northwest have also been conducting evaluations on urban climate comfort, which not only helps to promote the construction of ecological civilization, but also an important breakthrough for the development of a green economy and circular economy. From 1960 to 2019, with the increase in average temperature in the northwest region, the decrease in average wind speed, relative humidity, and sunshine hours (Figure 7) all have certain effects on THI, WEI, and ICL. Table 7 shows the correlation coefficients between various meteorological elements and the comfort evaluation index. It is found that the trend of warming temperature and decreasing wind speed in the northwest region increases the climate comfort index (correlation coefficient is 0.88, p < 0.01) and extends the local comfortable period of travel. The decrease in sunshine duration may affect the increase of wind speed (correlation coefficient of 0.47, p < 0.01) and the increase of clothing index (correlation coefficient of 0.48, p < 0.01). The decrease in relative humidity may reduce the number of sunshine hours (correlation coefficient is −0.81, p < 0.01). These all affect the increase in climate comfort and are not conducive to the development of tourism activities. According to the research in this article, the climate comfort level in the study area has changed significantly. The comfort level of cities close to the north increases faster than that of the southern city, indicating that the annual comprehensive comfort index of cities with higher latitudes is on the rise, which is conducive to the development of urban tourism. The annual comprehensive comfort index of cities with lower latitudes is on a downward trend, and the climate comfort period is shortened, which inhibits the development of urban tourism. In different altitude areas, as the altitude increases, the climate comfort index is the most affected by temperature. The influence of sunshine hours gradually increases but the change is not obvious. The influence of wind speed first decreases and then increases. The degree of influence of humidity gradually decreases. In summary, the climate comfort index in Northwest China may be the result of the combined effect of latitude, altitude, and related human factors. It can be seen that the climate comfort index is used to comprehensively evaluate and analyze the differences in climate change between regions and the sensitivity of the human body to climate. On the one hand, it can scientifically guide people to travel and appropriately change their behaviors in accordance with climate change, and provide a reference for the sustainable development of Northwest China and the improvement of human settlements. On the other hand, it can guide the production and life of human society, and conduct meteorological services and tourism planning by studying the trend and distribution of climate comfort.



The impact of global climate change on the tourism industry in Northwest China is a “double-edged sword”. Although global climate change in recent years has brought certain challenges to human life, for mid-to-high altitude areas, the main cause of uncomfortable weather is the influence of cold air in winter, and the increase in temperature mitigates the influence of cold air in winter, making the climate comfort develop from uncomfortable to a comfortable range. In addition, climate change has also had a positive impact on off-season tourism in Northwest China [53], which can prolong the tourism season in the area and reduce the adverse effects of climate fluctuations. Therefore, the development of tourism not only helps to mitigate climate change but also continuously adapts to climate change. At the same time, for the sensitive and vulnerable areas of climate change, adaptive and alternative tourism products should be developed, including reasonably planning for the protection of glacier landscapes and strengthening the development and protection of sensitive resources such as wetlands and lakes. Fully protecting ecological tourism resources will improve the utilization rate of tourism resources, and accelerate the sustainable development of tourism resources [54,55].



The comprehensive comfort evaluation index constructed in this paper based on three climate indexes can reflect the degree of regional climate comfort to a certain extent, but its construction method and classification standards still need to be further studied in detail. Since the evaluation of comfort was related to meteorological factors, as well as the characteristics of the underlying surface, eyeballs, air quality, etc., further research is necessary. In addition, the terrain conditions in Northwest China are complex, with plateaus, mountains, basins, and other types of landforms, and different landforms have different climatic conditions. In the future, after the regional automatic weather station data passes strict quality control, we can try to make full use of the regional automatic weather station data to carry out more refined climate comfort analysis and research in Northwest China.




5. Conclusions


Based on the monthly THI, WEI, ICL, and the comprehensive index constructed from 1960 to 2019, this paper explored the temporal and spatial distribution characteristics of climate comfort in Northwest China, and obtained the following conclusions:




	
The change trends of the comfort indexes in Northwest China over the past 60 years are quite different. The THI and the WEI have shown an upward trend, with a significant increase in the spring, a downward trend in the ICL, and a significant decrease in the autumn. The CCI showed an increasing trend, with the largest increases in southeastern Gansu and southern Shaanxi. The increasing trend in spring and autumn is that the east and west are larger than the central, and the east is greater than the west in winter and summer. The overall comfort of the four seasons is summer > spring > autumn > winter.



	
Through the study of the change types and trends of each evaluation index, we found that the THI is increasing from the southeast to the northwest. It was mainly affected by topographical factors. Cities with larger increases are mostly distributed in basins and oasis areas. The WEI shows an increasing trend from southeast to northwest, and its changes were mainly affected by latitude. The ICL shows a decreasing trend from southeast to northwest, which may be due to the increase in temperature and the decrease in wind speed. The changing trend of the CCI shows that the increase in the north is greater than that in the south, and the higher the latitude, the greater the change, and the lower the latitude, the smaller the change.



	
In terms of the distribution of comfort periods in various cities from 1960 to 2019, calculations show that the distribution of comfort periods is about 4.1 months, the sub-comfort period is 3.2 months, the sub-discomfort period is 1.8 months, and the discomfort period is 3.6 months. Taking “comfort period” and “sub-comfort period” as the criteria for suitable tourist months, we can see that there are no cities suitable for tourism in January–February and November–December. There are 29 cities suitable for tourism in May and September, and next is June, when there are 28 cities suitable for tourism. “Summer-friendly” includes 13 cities including Jiuquan, “spring and autumn-friendly” includes 17 cities such as Yulin, and there is no “winter-friendly” city.



	
Comparing the different climate comfort levels in 1960 and 2019, it is found that the climate “comfort zone” in Northwest China is expanding, with a significant increase in spring and summer, but no “comfort zone” in winter; the “sub-comfort zone” decreases in spring and summer and increases in autumn. There is no “sub-comfort zone” in winter; the “sub-discomfort zone” increases in spring, decreases in autumn and winter, and there is no “sub-discomfort zone” in summer; the increasing trend of “discomfort zone” is more obvious in spring, but not obvious in other seasons.
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Figure 1. Overview of Northwest China: (a) digital elevation model and representative station; (b) division of climate types in Northwest China (the classification is based on the Atlas of National Geographic Map of China (https://www.osgeo.cn/map/mc7fa), compiled by the editorial board of National Geographic Map of China. The figure mainly shows the temperate continental climate, temperate monsoon climate, plateau alpine climate, and subtropical monsoon climate). 






Figure 1. Overview of Northwest China: (a) digital elevation model and representative station; (b) division of climate types in Northwest China (the classification is based on the Atlas of National Geographic Map of China (https://www.osgeo.cn/map/mc7fa), compiled by the editorial board of National Geographic Map of China. The figure mainly shows the temperate continental climate, temperate monsoon climate, plateau alpine climate, and subtropical monsoon climate).



[image: Sustainability 13 10111 g001]







[image: Sustainability 13 10111 g002 550] 





Figure 2. Seasonal changes of THI, WEI, and ICL (calculated from the decadal average). Note: the shaded part is the comfort and sub-comfort range of the corresponding index. 
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Figure 3. Distribution characteristics of CCI annual average values in Northwest China from 1960 to 2019. 
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Figure 4. Distribution characteristics of CCI seasonal average values in Northwest China from 1960 to 2019 (a) Spring, (b) Summer, (c) Autumn, (d) Winter. 
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Figure 5. Types and Trends of Spatial Changes of THI, WEI, ICL, and CCI in Northwest China (a) CCI, (b) THI, (c) WEI, (d) ICL. 
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Figure 6. Seasonal changes of different climate comfort levels in Northwest China (a) All year 1960, (b) All year 2019, (c) Spring 1960, (d) Spring 2019, (e) Summer 1960, (f) Summer 2019, (g) Autumn 1960, (h) Autumn 2019, (i) Winter 1960, (j) Winter 2019. 
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Figure 7. The change characteristics of meteorological elements in the past 60 years in Northwest China (a) Temperature, (b) Wind speed, (c) Relative humidity, (d) Sunshine hours. 
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Table 1. THI classification standards and assignments (the shaded value is the value range where the human body feels comfortable).
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	Rating Value
	Human Sensation
	Symbol
	Assignment





	≤40
	Extremely cold
	e (extremely uncomfortable)
	1



	40–45
	Cold
	d (uncomfortable)
	3



	45–55
	Slightly cold
	c (less comfortable)
	5



	55–60
	Cool
	b (sub-comfort)
	7



	60–65
	Slightly cool
	A (comfort)
	9



	65–70
	Warm
	B (sub-comfort)
	7



	70–75
	Hotter
	C (less comfortable)
	5



	75–80
	Sultry
	D (uncomfortable)
	3



	≥80
	Extremely stuffy
	E (extremely uncomfortable)
	1
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Table 2. WEI classification standards and assignments (the shaded value is the value range where the human body feels comfortable).
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	Rating Value
	Human Sensation
	Symbol
	Assignment





	≤−1000
	Extremely cold
	e (extremely uncomfortable)
	1



	−800–−1000
	Cold wind
	d (uncomfortable)
	3



	−600–−800
	Slightly cold wind
	c (less comfortable)
	5



	−300–−600
	Cool wind
	b (sub-comfort)
	7



	−200–−300
	Comfortable wind
	A (comfort)
	9



	−50–−200
	Warm air
	B (sub-comfort)
	7



	80–−50
	Slightly warm wind
	C (less comfortable)
	5



	160–80
	Hot air
	D (uncomfortable)
	3



	≥160
	Extremely hot
	E (extremely uncomfortable)
	1
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Table 3. ICL classification standards and assignments (the shaded value is the value range where the human body feels comfortable).
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	Rating Value
	Appropriate Dress
	Symbol
	Assignment





	≥2.5
	Down or fur clothing
	e (extremely uncomfortable)
	1



	1.8–2.5
	Casual clothes plus coat
	d (uncomfortable)
	3



	1.5–1.8
	Common winter clothing
	c (less comfortable)
	5



	1.3–1.5
	Common clothing for spring and autumn
	b (sub-comfort)
	7



	0.7–1.3
	Shirts and casual clothes
	A (comfort)
	9



	0.5–0.7
	Light summer clothes
	B (sub-comfort)
	7



	0.3–0.5
	Short sleeve cardigan
	C (less comfortable)
	5



	0.1–0.3
	Tropical unlined
	D (uncomfortable)
	3



	≤0.1
	Tropical thin unlined
	E (extremely uncomfortable)
	1
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Table 4. CCI classification standards and symbol [1].
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	Rating Value
	Symbol





	1 < CCI ≤ 3
	uncomfortable



	3 < CCI < 5
	sub-discomfort



	5 ≤ CCI < 7
	sub-comfortable



	7 ≤ CCI ≤ 9
	comfortable
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Table 5. Changes of THI, WEI, and ICL in Northwest China from 1960 to 2019.
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	Annual
	1960s
	1970s
	1980s
	1990s
	2000s
	2010s



	THI
	49.71
	49.87
	50.04
	50.63
	51.53
	51.77



	WEI
	−501.27
	−505.15
	−482.15
	−468.72
	−461.89
	−462.69



	ICL
	1.76
	1.75
	1.74
	1.70
	1.66
	1.65



	Month
	Jan.
	Feb.
	Mar.
	Apr.
	May
	Jun.



	THI
	29.24
	36.10
	45.41
	54.14
	60.33 **
	65.57 *



	WEI
	−795.81
	−731.98
	−601.53
	−449.99 *
	−318.73 *
	−218.93 **



	ICL
	2.89
	2.56
	2.07
	1.57
	1.20 **
	0.91 **



	Month
	Jul.
	Aug.
	Sep.
	Oct.
	Nov.
	Dec.



	THI
	68.57 *
	67.12 *
	60.00 **
	50.78 *
	40.11
	31.26



	WEI
	−170.90 *
	−196.90 *
	−318.32 *
	−458.99 *
	−632.97
	−754.11



	ICL
	0.77 **
	0.85 **
	1.23 **
	1.72
	2.30
	2.76







Note: The annual value is the average of ten years, and the 1960s represents the average of 1960–1969, the same below. The monthly value is the average value from 1960 to 2019. ** means the index is a comfortable month in the month, * means a sub-comfortable month.
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Table 6. Distribution of different CCI and comfort periods of major cities in Northwest China from 1960 to 2019.
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	CCI
	Jan.
	Feb.
	Mar.
	Apr.
	May
	Jun.
	Jul.
	Aug.
	Sep.
	Oct.
	Nov.
	Dec.





	Yulin *
	1.6
	1.6
	3.6
	5.6
	8.4
	7.2
	6.0
	7.2
	8.4
	5.6
	2.4
	1.6



	Tongchuan *
	2.2
	2.4
	5.4
	5.8
	8.4
	7.8
	5.8
	7.2
	8.4
	5.6
	3.6
	2.2



	Baoji *
	2.4
	4.2
	5.4
	7.0
	7.8
	5.8
	5.6
	5.8
	7.8
	7.0
	5.4
	3.0



	Hanzhong *
	3.0
	4.2
	5.6
	7.2
	7.8
	5.8
	4.6
	4.6
	7.8
	7.2
	5.6
	4.2



	Shangxian *
	2.4
	3.6
	5.4
	7.0
	9.0
	7.2
	5.8
	5.8
	9.0
	7.0
	5.4
	3.6



	Ankang *
	4.2
	5.4
	5.6
	8.4
	7.8
	5.8
	4.4
	4.4
	7.2
	8.4
	5.4
	4.2



	Jiuquan ^
	1.6
	1.6
	3.6
	5.6
	7.2
	7.8
	7.2
	7.2
	7.0
	5.4
	2.4
	1.6



	Zhangye ^
	1.6
	1.6
	3.6
	5.6
	8.4
	7.8
	7.2
	7.2
	7.0
	5.4
	2.2
	1.6



	Wuwei ^
	2.2
	2.2
	3.6
	5.6
	8.4
	7.8
	7.2
	7.2
	7.2
	5.6
	2.4
	2.2



	Yuzhong ^
	2.2
	2.2
	3.6
	5.6
	7.0
	9.0
	9.0
	9.0
	7.0
	5.4
	2.4
	2.2



	Xifeng ^
	1.6
	2.2
	3.6
	5.6
	7.2
	7.8
	7.8
	7.8
	7.0
	5.6
	3.6
	2.2



	Hezuo ^
	2.2
	2.2
	2.2
	4.2
	5.4
	5.6
	7.0
	5.8
	5.4
	4.2
	2.2
	2.2



	Wudu *
	4.2
	7.2
	7.2
	7.8
	7.8
	7.2
	5.8
	5.8
	7.8
	7.0
	5.6
	4.2



	Tianshui *
	2.2
	2.4
	5.4
	7.0
	9.0
	7.2
	5.8
	7.2
	8.4
	5.6
	4.2
	2.4



	Yinchuan *
	1.6
	2.2
	3.6
	5.6
	9.0
	7.2
	5.8
	7.2
	9.0
	5.6
	2.4
	2.2



	Zhongwei *
	1.6
	2.2
	4.8
	5.6
	8.4
	7.8
	5.8
	7.8
	8.4
	5.6
	2.4
	1.6



	Guyuan ^
	1.6
	1.6
	3.6
	5.6
	7.0
	9.0
	7.8
	9.0
	7.0
	5.4
	2.4
	1.6



	Golmud ^
	1.6
	1.6
	3.6
	5.4
	6.8
	7.2
	9.0
	8.4
	6.8
	5.4
	2.2
	1.6



	Dulan ^
	1.6
	1.6
	3.4
	4.8
	5.6
	7.0
	7.0
	7.0
	5.6
	3.6
	1.6
	1.6



	Xining ^
	2.2
	2.2
	3.6
	5.4
	6.8
	7.2
	9.0
	9.0
	5.6
	5.4
	2.4
	2.2



	Tuotuohe ^
	1.0
	1.0
	1.0
	1.6
	3.6
	3.6
	5.4
	5.4
	3.6
	1.6
	1.0
	1.0



	Yushu ^
	2.2
	2.2
	3.6
	4.2
	5.6
	5.6
	7.0
	5.6
	5.6
	4.2
	2.2
	2.2



	Altay ^
	1.6
	1.6
	2.2
	5.6
	7.2
	7.8
	7.2
	7.8
	7.0
	5.4
	2.2
	1.6



	Karamay *
	1.6
	1.6
	2.4
	7.0
	9.0
	5.8
	5.6
	5.8
	9.0
	5.6
	2.4
	1.6



	Turpan *
	2.2
	4.2
	5.6
	9.0
	5.6
	3.6
	3.4
	3.6
	7.0
	7.6
	4.2
	2.2



	Aksu *
	2.2
	2.2
	5.4
	7.2
	9.0
	7.2
	5.8
	7.2
	9.0
	5.6
	3.0
	2.2



	Korla *
	1.6
	2.4
	5.4
	7.2
	7.8
	5.8
	5.6
	5.8
	7.8
	5.6
	3.6
	2.2



	Hotan *
	2.2
	3.6
	5.6
	8.4
	7.8
	7.0
	5.6
	5.8
	7.8
	7.0
	5.4
	2.2



	Hami *
	1.6
	2.2
	5.4
	7.0
	8.4
	5.8
	5.0
	5.8
	9.0
	5.6
	2.4
	1.6



	Kashgar *
	2.2
	2.4
	5.6
	7.2
	9.0
	7.0
	5.6
	5.8
	9.0
	7.0
	4.2
	2.2







Note: The darker the color, the higher the degree of comfort, and vice versa; “*” means “spring and autumn suitable” city; “^” means “summer suitable” city.
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Table 7. Correlation coefficient between meteorological elements and climate comfort evaluation index.
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	CCI
	THI
	WEI
	ICL
	S
	v
	t
	f





	CCI
	-
	0.884 **
	0.856 **
	−0.876 **
	−0.476 **
	−0.528 **
	0.882 **
	0.332



	THI
	0.884 **
	-
	0.934 **
	−0.987 **
	−0.508 **
	−0.540 **
	0.989 **
	0.249



	WEI
	0.856 **
	0.934 **
	-
	−0.961 **
	−0.441 *
	−0.727 **
	0.957 **
	0.227



	ICL
	−0.876 **
	−0.987 **
	−0.961 **
	-
	0.484 **
	0.551 **
	−0.999 **
	−0.252



	S
	−0.476 **
	−0.508 **
	−0.441 *
	0.484 **
	-
	0.472 **
	−0.485 **
	−0.812 **



	v
	−0.528 **
	−0.540 **
	−0.727 **
	0.551 **
	0.472 **
	-
	−0.539 **
	−0.362 *



	t
	0.882 **
	0.989 **
	0.957 **
	−0.999 **
	−0.485 **
	−0.539 **
	-
	0.254



	f
	0.332
	0.249
	0.227
	−0.252
	−0.812 **
	−0.362 *
	0.254
	-







Note: ** indicates a significant correlation at the 0.01 level, * indicates a significant correlation at the 0.05 level. 
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