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Abstract

:

Urbanization in China has been expanding dramatically since 1978, significantly affecting the extreme temperature changes in cities, which is a vital indicator of urban climate change. To assess urban-related effect on regional extreme-temperature changes in China, this study employed high-resolution land use data to divide meteorological stations into rural stations, suburban stations, and urban stations, and evaluated the annual and seasonal changes in extreme minimum temperature (TNN), mean temperature (Tavg) and extreme maximum temperature (TXX) at each meteorological station. The result revealed that extreme temperature indices (TNN, TXX) and Tavg increased significantly from 1960 to 2016 with varied degrees in different seasons and different regions. Extreme temperature indices in high latitudes increased more rapidly than in low latitudes; while the trends in summer are slower than in other seasons. Urbanization effects on the trends of TNN, Tavg and TXX were all statistically significant, but urbanization effects on TNN and Tavg were more significant than TXX. The urbanization effects were more significant in low altitudes, especially in North, South, Northwest and Northeast China. In North, Northwest and Northeast China, the urban-related effects on temperature increase were mainly observed in spring and winter, but in South China, the urban-related effects were more evident in summer. This study is valuable for sustainable urban planning in China.
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1. Introduction


Global warming is a hot scientific topic in climate change research [1,2]. Global warming has caused a large range of problems, including rising sea levels, increasing the frequency and intensity of extreme weather events, melting glaciers, etc. [3,4,5,6]. Contributors to global warming include solar variations [7], greenhouse gas emissions and land use changes [8,9], etc. Among them, the changes in greenhouse emissions and land use are closely related to the degree of urbanization. Urbanization typically results in built-up environments containing large areas of impervious surfaces with increased thermal inertia [10]. The Intergovernmental Panel on Climate Change (IPCC report) pointed out that, after the industrial revolution, anthropogenic activities have contributed 0.8–1.2 °C to global warming [11]. Various studies have reported urban areas are warmer than their rural neighboring areas [12]. These studies about the urban effects on temperature trends were not aimed to identify extreme differences, nor to evaluate the Urban Heat Island based on some individual meteorological sites, but to look for variations to urban effects over a period of decades in large area based on mean values from many site records [13,14,15]. We should also note the fact that, at large scales, the urban area in developing countries occupies a very low ratio of the territorial land [12,16]. Therefore, any urban effects cannot be displayed.



Urbanization refers to the process by which large numbers of rural people become urban people [17]. During the period 1960–2016, the urban population increased from about 0.1 billion to about 0.8 billion in China. Simultaneously, the total population increased from about 0.6 billion to about 1.4 billion; GDP per capita surged from about 0.1 thousand RMB to 60 thousand RMB, which depicted the drastic urbanization in China. Energy consumption would absolutely increase with urbanization. The generated superfluous artificial heat would be released to the land surface air, leading to land surface air temperature change. CO2 emissions per capita had rapidly increased as the total urban population had risen by 0.8 billion during the period 1960–2016. The above statements have qualitatively confirmed that development of urbanization would accelerate temperature changes. Significantly, the above important indices for urbanization level have been increasing over time during the period 1960–2016. The population, CO2 emission, GDP, impervious surface area can be used as the indicators of urbanization. Since China’s economic reform in 1978, fast urbanization has become a ubiquitous phenomenon in China, especially in East China. For example, build-up areas in China increased by 5327 km2 during the period 1995–2000 [18], and increased by more than 300% in Pearl River Delta region during the periods 1988–1996 [19]. The urbanization ratio has expanded from 17.92% in 1978 to 58.5% in 2017 [20], and will rise by 70% in 2030 [21]. Thus, it represents a country of world where, if there was to be noticeable urbanization-related temperature change, it should be in China and over recent decades. The dramatic process of urbanization is affecting temperature change to some extent. However, the varied degrees of urbanization in urban, suburban and rural areas, leading to different amount of greenhouse gas emission and land use change, will further result in urban-related effects on temperature changes in different regions. Quantitative assessment on such effects is beneficial for understanding the pattern of urban-related effects on temperature changes, and thus provide some reference for urban management and urban sustainability.



Many studies have reported possible urban-related climate change based on China’s temperature datasets [22,23]. More recent studies have also illustrated such phenomenon [24,25,26,27]. For example, Li et al. [28] highlighted that urbanization effect contributed 0.05 °C per decade−1 to mean surface temperature increase for the period 1979–1998. Ren et al. [29] revealed that urbanization contributed 0.11 °C per decade−1 to the increase in mean surface temperature in North China during the period 1961–2000. The overall study in mainland China by Zhang et al. [30] found that urbanization contributed 0.076 °C per decade−1 to the increase in mean surface temperature during the period 1961–2004. Ren et al. [27] organized 282 meteorological stations in North China into four groups of rural, small city, medium city, large city and metropolis, indicating that the highest urban warming occurred in large-city group at a rate of 0.16 °C per decade−1, while the lowest urban warming occurred in small-city group at a rate of 0.07 °C per decade−1. Stone [31] assessed that urbanization contributed 0.05 °C per decade−1 to mean surface temperature, increase change for 50 large cities in USA for the period 1951–2000. Chrysanthou et al. [32] revealed that urbanization contributed 0.0026 °C per decade−1 to the increase in mean temperature in pan-Europe for the period 1960–2012. However, such studies about urbanization effects on temperature change mostly used mean surface temperature as the key indicator. The aforementioned studies consistently concluded that, urbanization has enhanced temperature change in China, North America and Europe. However, an overall study covering the entirety of mainland China, which also considered the effects on extreme temperature change, is not common in the academic community.



Katz et al. [33] believed that extreme minimum temperatures are more sensitive to climate change than mean temperatures. Alexander et al. [34] evaluated changes in extreme minimum temperatures for 2223 meteorological stations over the world, concluding that extreme minimum temperature has significantly increased in 45% of the stations. Ren et al. [35] evaluated extreme temperature for the time period 1961–2008 in mainland China and found that urbanization contributed approximately 0.118 °C per decade−1 to annual extreme minimum temperature increase, but just contributed approximately 0.047 per °C decade−1 to the increase of annual mean temperature. In the. Pearl River Delta of China, based on meteorological stations with observations since 1960, Qiu et al. [36] found that decadal rate of increase for extreme minimum temperature was 0.49 °C per decade−1 for the time period 1960–2011, while the counterpart for the mean annual temperature was just 0.21 °C per decade−1. The above studies have undoubtedly shown that extreme temperatures are more sensitive to climate change, and extreme temperature changes are closely related to extreme weather events (such as heat waves and drought) [37], which are thus more important for urban sustainability.



This study, employing monthly temperature dataset from 1960 to 2016 homogenized by National Meteorological Information Center of China and high-resolution land use map derived from Sentinel satellite images, analyzed extreme temperature changes in mainland China, followed by the analysis of urbanization contribution to extreme temperature change. Moreover, by comparing with previous studies, we updated the characteristics of temperature changes in China after 2008 and derived a new trend of extreme temperature changes in China.




2. Materials and Methods


2.1. Study Area


The study area is in mainland China (Figure 1). Since the economic reform in 1978, urbanization in China has experienced rapid development (Figure 2); both heat balance and land use have thus undergone tremendous changes. Therefore, China can be regarded as a representative case study for the impact of urbanization on temperature changes. Because some parts of the Northwest and Southwest region are plateaus or deserts, the density of meteorological stations in these two regions is relatively low. According to Figure 2, the important indices for urbanization in China have been increasing over time during the period 1960–2016. Thus, in this study, time was assumed to be an indicator for urbanization.



China has a vast territory and different climate zones. According to previous research on China’s natural zoning based on some key factors, including hydrothermal and geomorphic conditions, etc. [39,40,41], this study uses China’s division into seven natural regions, namely Northeast China, North China, East China, Southeast China, Central China, Southwest China and Northwest China (Figure 1). Moreover, in order to analyze the latitudinal effects of urbanization on temperature changes, the meteorological stations were divided into 5 groups, namely 18°–25° N, 25°–32° N, 32°–39° N, 39°–46° N and 46°–53° N.




2.2. Data Source


The Monthly Value Dataset of China Ground Climate Materials was collected from the China Meteorological Data Network (http://www.data.cma.cn), which was managed by the China Meteorological Administration. Quality control procedures were conducted by the data provider and include the checking of continuous erroneous data, temporal and spatial checking of outliers, and manual advanced identification of continuous suspicious data and outliers. Further details on the processing methods have been reported by Ren et al. [42]. According to the description for the dataset in the China Meteorological Data Network, the original dataset has undergone strict quality control, and the potential error rate of extreme minimum temperature (TNN), mean temperature (Tavg) and extreme maximum temperature (TXX) are less than 1‰. The dataset included 613 meteorological stations, most of which are national-level climate stations and few provincial meteorological stations. This study selected 555 meteorological stations with continuous observation records greater than 42 years for the time period 1960–2016. For a few stations with missing monthly data, the moving average of the adjacent 10 years of data was used as a replacement to ensure the integrity and continuity of the dataset. The distribution of the meteorological station is shown in Figure 1. This study used TNN, Tavg and TXX of the dataset as temperature indices. The indices are defined in Table 1.



Before data analysis, we examined and adjusted the inhomogeneity caused by relocation of sites, changes in observation times, modifications in the time system used, and the upgradation or modification of instruments. Among the problems, station relocation was the major cause of discontinuous points in the station temperature series. Various methods have been proposed to examine and adjust the inhomogeneity of temperature series in the international academic community. Accordingly, some approaches for the homogenization have been developed [43,44,45,46]. Here, we used a method introduced by Li et al. [47] for the homogenization of the temperature series. The method was adopted from the Easterling and Peterson method [43,44] to conduct the examination and adjustment of inhomogeneity of the monthly temperature data. By comparing with the pre-adjustment series, it can be found that the method is comparatively effective for examining the inhomogeneity of the Chinese temperature series. During this process, the stations with possible inhomogeneity were identified. Their spatial locations were updated to the latest accordingly. We reviewed all the stations with possible inhomogeneity and double-checked their location changes from the Internet as well as the reports and public publications released by meteorological agencies. We carried out the updates in spatial locations in very conservative way; for example, only when a relocation event was reported in multiple sources, the relevant spatial location change was confirmed.



Gong et al. [48] developed a global land cover map with 10-m resolution based on 2017 Sentinel-2 images in the Google Earth Engine using a random forest algorithm with 200 trees (http://data.ess.tsinghua.edu.cn). The mapping works set approximately 340,000 training samples and approximately 140,000 validation samples derived from 2014 and 2015 Landsat 8 images, with classification types of cropland, forest, grassland, shrubland, wetland, water, tundra, impervious area, bare land and snow. The overall accuracy for this classification is 72.76%, but accuracy for the impervious area is slightly lower (72.19%). However, due to the enormous of training and validation samples, the classification accuracies are stable. Therefore, the accuracy and resolution are relatively stable enough to group meteorological stations (urban station, suburban station and rural station). The specific method to identify the type of meteorological stations will be described in detail in Section 2.3. To generate the land cover map with 10-m resolution in China (Figure 3), a total of 320 images from the global land cover dataset were appended and then clipped by the China boundary. (Figure 3). According to Figure 3, densities of impervious area in South China, East China and North China are higher than other regions, and according to Figure 1, densities of rural stations in Northwest China and Southwest China are higher than other regions. Therefore, the heterogeneity of impervious surfaces and meteorological locations reflect the spatial characteristics of urbanization in China, which will cause different urbanization effects on extreme temperature changes.



The GDP data in South China was collected from the National Bureau of Statistics (http://www.stats.gov.cn/tjsj/), which is the most authoritative statistical agency in China.




2.3. Identification of the Group of Meteorological Stations


In evaluating the effect of urbanization on temperature changes, it is crucial to identify the type of meteorological station. There are two indexes to identify the type of meteorological stations: one is based on social and economic indicators, for example, population as the indicator of the group of meteorological station [49,50]. The stations in the highly populated area are assumed to be in the urban group; the ones in relatively lowly or sparsely populated areas are assumed to be in the suburban and rural groups. This method, not considering the specific location of the meteorological stations, takes the administrative region as the smallest unit, ignoring the spatial heterogeneity of the terrestrial object in the administrative region, thus, easily causing misjudgment. Another method is to determine the density of the built-up area around the meteorological stations based on low-resolution satellite images such as DMSP/OLS nighttime lighting images (spatial resolution 1 km) or MODIS images (space resolution 500 m) or resampled images (space resolution more than 100 m) etc., thereby assigning the group for each meteorological station [51,52,53,54,55]. Due to the low resolution of these images, the accuracy of the built-up area based on the images was relatively low. In recent years, some free high-resolution satellite images have been made available to the public for free of charge, such as the Sentinel series. However, these datasets take up enormous storage space for such a large study area as mainland China; it is very challenging to process these images for a big region. Fortunately, with the advent of the Google Earth Engine, large-scale land use assessment based on high-resolution satellite images is much more efficient. Gong et al. [48] released a global 10-m resolution land cover map, this study will use this dataset to identify the type of meteorological station and sort them into urban, suburban and rural groups.



In this study we classified the meteorological stations into 4 groups: the first group have been the urban stations since the 1960s, which is merely an extremely small proportion of the total stations; the second and third groups initially were rural stations in the 1960s and became urban stations and suburban stations during the period 1960–2016, respectively; the last group remained rural stations until 2016. Unfortunately, no public maps or satellite images were available to identify the initial status in the 1960s. Here we used the confidential digital collection of China Military Topographic Maps to check the initial status in the 1960s. The first group of stations was excluded in first stage of data analysis as the stations experienced urbanization before the 1960s. The identification of the group of the remaining meteorological stations was as follows. We first made a 1 km buffer for each meteorological station and used the buffer to clip the land cover map. The 1-km threshold came about for the theory of boundary layer urban heat islands [56,57]. The two studies defined boundary layer urban heat islands as starting from the rooftop and treetop level and extending up to the point where urban landscapes no longer influence the atmosphere. This region typically extends no more than one mile (1.5 km) from the surface. Horizontally, the region typically extends less than one kilometer. Therefore, a 1-km buffer was used in this study. We then calculated the ratio of impervious surface area (RISA) in each clipped area. The corresponding meteorological stations with RISA of less than 10% were classified into the rural group, and those with RISA between 10% and 80% were classified into suburban group, and those with RISA of more than 80% were classified into urban group. The distribution of different types of meteorological stations is showed as Figure 1.




2.4. Analysis of Exterme Temperature Change and Urbanization Effect


This study primarily focused on five time series: spring (March–May), summer (June–August), autumn (September–November), winter (December–February) and annual. The TNN and TXX in each dataset are the maximum and minimum values; the Tavg, like in other studies, is the mean value in the corresponding time periods. We first investigated the data series to explore the mathematical relationship between the temperature series and time. Pearson’s correlation coefficient (r) was used as a measure of the strength of the association between the two variables. Positive correlation indicates that temperature increased with time, whereas negative correlation indicates temperature decreased with time. Data pairs with strong correlation were used for further analysis. Trends for TNN, Tavg and TXX were evaluated by a linear regression model, followed by the assessment based Student-test with the confidence level above 95%. Then, in different zones (Figure 1), the mean temperature-change rates (TNN, Tavg, TXX) were derived by group (rural stations, suburban stations, urban stations) from all the stations passing through the test, and the obtained values were marked as the temperature change rates in the specific zones.



In different zones, the difference in temperature-change rate between the urban group and the rural and suburban groups were calculated. If we assume the temperature change in the rural group or suburban group as the baseline, the urban-related effect on temperature change in the urban group can be obtained. They can be expressed as


  U  E 1  =  T  u r b a n   −  T  r u r a l    



(1)






  U  E 2  =  T  u r b a n   −  T  s u b u r b a n    



(2)




where    T  u r b a n     is the average temperature-change rate (TNN, Tavg, TXX) for the urban group in the corresponding region;    T  r u r a l     is the average temperature-change rate (TNN, Tavg, TXX) for the rural group in the identical region;   U  E 1    is the measurement of the urban-related effect on urbanization in the aforementioned region;   U  E 2    is the measurement of the urban-related effect on based on the suburban group in the same region. Moreover, the relative urban-related effect on climate change was defined as:


  U C =    T  u r b a n   −  T  r u r a l      T  u r b a n     × 100 %  



(3)




or


  U C =    T  u r b a n   −  T  s u b u r b a n      T  u r b a n     × 100 %  



(4)




where   U C   is the urbanization contribution to temperature change based on the rural or suburban groups.





3. Results


3.1. Urban-Related Effect on TNN Changes


After evaluating the rates of the changes of TNN for 555 meteorological stations, the number of meteorological stations passing the statistical significance test (95%) in spring, summer, autumn, winter and annual are 214, 424, 320, 366 and 366, respectively. The data showed that there were the fewest meteorological stations with obvious TNN changes in spring, while most meteorological stations with obvious TNN change occurred in summer, followed by autumn and winter. The changing rates of TNN in each zone is summarized in Table 2.



As shown in Table 2 and Figure 4, TNN change in China displayed significantly regional and seasonal increasing trends. In the four seasons and annually, the TNN changes in the high latitudes such as Northeast China, North China and Northwest China were significantly faster than other regions: in South China rate of increase was the slowest among the seven zones. Regarding the annual variation, TNN warming rates in Northeast China, North China and Northwest China were 0.800 °C per decade−1, 0.772 °C per decade −1, and 0.759 °C per decade −1, respectively, much higher than in other regions (lower than 0.600 °C per decade −1), indicating that the TNN change in China has strong latitudinal zonality. If the changes based on latitudinal gradient pattern (Figure 4 and Table 3) are considered, it can be seen that, both the seasonal and annual changes, with the increase in latitude, revealed increasing trends, displaying a more significant effect on the TNN increase. For instance, in the region of 18°–25° N, the seasonal and annual rates of TNN were 0.527 °C per decade−1, 0.315 °C per decade−1, 0.494 °C per decade−1, 0.417 °C per decade−1, and 0.415 °C per decade−1, respectively; but the counterparts in the region of 46–53° N, are 0.947 °C decade−1, 0.667 °C per decade−1, 0.817 °C per decade−1, 0.843 °C per decade−1, and 0.842 °C per decade−1, which are double or near-double of the changes in the region of 18°–25° N.



TNN change also displayed its typical seasonality. In Table 2, in all regions, the slowest increase in TNN change happened in summer; the fastest warming was observed in winter in Northeast, North and Central China. In East, South and Northwest China, the fastest changes in TNN occurred in autumn, corresponding to the fastest increases in Spring in Southwest China. In Spring, the fastest rate of increase was 0.782 °C per decade−1 in Northwest China, while the slowest increasing rate was 0.334 °C per decade−1 in South China. In summer, the fastest rate of TNN change was 0.646 °C per decade−1 in North China, corresponding to the slowest rate of increase of 0.313 °C per decade−1 in South China. In autumn, the fastest rate of increase occurred in Northwest China at a rate of 0.838 °C per decade−1, while the slowest rate of increase occurred in South China at a rate of 0.489 °C per decade−1. In winter, the highest rate of increase of 0.801 °C per decade−1 was in Northeast China, much higher than the lowest rate of increase of 0.405 °C per decade−1 in South China. Overall, the increasing trend was more significant in Spring, Autumn and Winter than in Summer. The fastest annual increase occurred in Northeast China at a rate of 0.800 °C per decade−1, corresponding to the lowest in South China at a rate of 0.411 °C per decade−1.



The altitudes for the meteorological stations range from 0 to 4500 m in China. However, in some regions such as South China and East China, all the station altitudes are less than 1500 m, so there are one or two ranges (0–500 m and 500–1000 m) available for these regions. As shown in Figure 5, the altitudinal effect on TNN variation displayed strong spatial heterogeneity. Specifically, in Southwest China, except in autumn, with regard to both seasonal and annual changes, the TNN rate of increase significantly became stronger with the increase in altitude (above 95% level). The annual trend for the entirety of mainland China, except in summer, the rate of increase became slightly stronger as the altitude increased despite the fact that the trend was not statistically significant. In Northwest China, as the altitude increases, the rates of seasonal and annual change in TNN dropped despite the fact that the trend was not statistically significant in spring and summer.



As shown in Table 4, the urban-related effect caused by urbanization on TNN warming was quite significant during the study period 1960–2016, but without noticeable latitudinal zonality. In addition to East China and Southwest China, urbanization had an evident positive effect on TNN increase; however, unlike the warming trend becoming increasingly strong with latitudinal increase, the most evident urban-related effect was observed in North China, South China, and Northwest China, followed by Northeast China. Despite the lowest temperature increase being observed in South China (Table 2), the urban-related effect in South China was more evident than some other regions. In the zones of Northeast China, South China, East China and Northwest China,   U  E 1    was larger than   U  E 2   , which indicates that urban-related effect contributes more with a higher urbanization level. However, in Southwest China, regarding the winter and annual values, both   U  E 1    and   U  E 2    are less than zero, indicating that there are probably other natural factors that have a greater impact on TNN change. As described in previous section, as the altitude increases, the TNN rate of increase also became stronger in Southwest China, possibly offsetting the effect caused by urbanization. However overall, except for Southwest China, urbanization had a significant positive effect on TNN increase.



The urban-related effects in different seasons were quite representative, but with varied degrees. In Table 3, the highest seasonal temperature increase happened in winter, followed by spring, autumn, and then summer with the lowest warming trend. However, in Table 4, the highest urban-related effect on TNN increase was observed in summer. The observed urban-related effect was quite consistent with the results by Ren et al. [27]. In Northeast, East and South China, largest urban-related effects were observed in summer, with urbanization effects of 0.137 °C per decade−1, 0.101 °C per decade−1, and 0.176 °C per decade−1, respectively, and the relative contributions to TNN increase were 19.7%, 24.0% and 41.7%, respectively. In North China and Northwest China, largest augmenting effect occurred in winter with an absolute contribution of 0.431 °C per decade−1 and 0.243 °C per decade−1, respectively, and a relative contribution of 40.5% and 27.8%, respectively. In Central China, the largest effect happened in Spring, with an absolute contribution of 0.234 °C per decade−1, and a relative contribution of 40.0%. In Southwest China, the largest urban-related effect occurred in autumn, with an absolute increase of 0.356 °C per decade−1, and a relative increase of 43.8%. In the entirety mainland China, the largest augmenting effect occurred in winter, with an absolute increase of 0.132 °C per decade−1, and a relative increase of 18.1%.



Figure 6 displays the changes in TNN over the years in South China, which was one of the most prosperous regions in China, implementing economic reform since 1978. Three urbanization stages can be discerned according to the GDP trends in South China, with almost no increasing trend during 1960–1978, a slightly increasing trend during 1979–1995 and an abruptly increasing trend after 1996. In the rural group, there were 31 years during which TNN was higher than the average TNN during 1960–2016. Among those, 26 years occurred after 1978 and 18 years occurred after 1991. In the suburban group, there were 27 years during which TNN was higher than the average TNN. Among those, 25 years occurred after 1978 and 18 years occurred after 1991. In the urban group, there were 28 years during which TNN was higher than the average TNN. Among those, 27 years occurred after 1978 and 22 years occurred after 1991. In conclusion, TNN increased faster after 1978, which was highly consistent with the GDP trend.



In summary, the urban-related effect on TNN change displayed obviously regional and seasonal characteristics. In assessment of the effect by urbanization on the change in TNN, it is necessary to consider the impact of altitude, which would probably cause bias for the analysis.




3.2. Urban-Related Effect on Tavg Changes


After evaluating the rates of the change of Tavg for 555 meteorological stations, the number of meteorological stations passing the significance test (95%) in spring, summer, autumn, winter and annual were 474, 406, 487, 442 and 527, respectively. For each season, the number of stations with a Tavg measurement which passed the statistical test were much more than the amount of stations for TNN measurement. The rate of Tavg change in each region is displayed in Table 5.



As shown in Table 5 and Figure 7, Tavg change in mainland China also displayed significantly regional and seasonal characteristics. Overall, the seasonal and annual rates for Tavg changes in the high latitudes such as Northeast China, North China and Northwest China were significantly faster than in other regions. The rate of Tavg increase in South China was slower than in other regions. As shown in Figure 7 and Table 6, these results revealed that Tavg change in mainland China also had strong latitudinal zonality. For both seasonal and annual changes in Tavg, with the increase in latitude, the degree of Tavg change became higher, indicating the importance of latitude in Tavg changes. In Figure 7, in the range of 18°–25° N, the rates of Tavg increase in spring, summer, autumn, winter, and annual were 0.186 °C per decade−1, 0.153 °C per decade−1, 0.221 °C per decade−1, 0.262 °C per decade−1, and 0.177 per °C decade−1, respectively; in the range of 46°–53° N, the rates of change of Tavg in spring, summer, autumn, winter, and annual were 0.417 °C per decade−1, 0.338 °C per decade−1, 0.351 °C per decade−1, 0.507 °C per decade−1, and 0.370 °C per decade−1, which were respectively double or even higher than the range of 18°–25° N. It should be noted that the amplitude of Tavg change was much lower the above mentioned TNN, which is highly consistent with the previous studies [33,34,35,36].



Tavg change also showed obvious seasonality. According to Table 5, in all zones, Tavg increase was the slowest in summer. The fastest change in Tavg primarily happened in winter in Northeast, North, Northwest, Southwest, South China. However, for East and Central China, this occurred in spring. In Spring, the fastest change occurred in North China at a rate of 0.365 °C per decade−1, while the slowest occurred in South China at a rate of 0.160 °C per decade−1. In summer, the fastest increase in Tavg happened in Northeast China at a rate of 0.277℃ per decade−1, corresponding to the slowest one in Central China at a rate of 0.043 °C per decade−1. In autumn, the highest Tavg change was observed in Northwest China at a rate of 0.366 °C per decade−1, but the slowest Tavg change also occurred in Central China at a rate of 0.213 °C per decade−1. In winter, the fastest increase emerged in North China at a rate of 0.483℃ per decade−1, corresponding to the slowest counterpart in South China at a rate of 0.236 °C per decade−1. The annual fastest change in Tavg also occurred in Northwest China at a rate of 0.341 °C per decade−1, while the slowest occurred in South China at a rate of 0.165 °C per decade−1. Thus, it can be concluded that the fast change in Tavg often happened in the northern part of China (North or Northeast, Northwest China), which is also a further evidence of the previously reported latitudinal zonality in Tavg.



In the entirety of mainland China, except in spring, the amplitude in Tavg increase stably went up with the increase in altitude in summer, autumn, winter and annual. This trend was more typical than that of TNN. In Southwest China, the trend was more representative, which could be seen in both seasonal and annual changes. In Northwest China, unlike the altitudinal effect on TNN, the rate of Tavg change also increased in summer, autumn, winter and annual, as the altitude increased. Therefore, in the evaluation of the effect of urbanization on Tavg change, the consideration of the impact from altitude was necessitated.



In Table 7, it can be seen, the urban-related effect on Tavg increase was quite significant during the period 1960–2016, excluding Southwest China. Urbanization has a positive effect on Tavg increase, when using rural and suburban groups as the baselines. In the zones of Northeast China, South China, East China and Northwest China,   U  E 1    was generally larger than   U  E 2   , revealing that urbanization contributed more to Tavg increase with the increase in urbanization level. However, in North and Central China,   U  E 2    was generally larger than   U  E 1   , which implied that an augmenting effect did not always display an increasing trend with the increase in urbanization level. In Southwest China, both   U  E 1    and   U  E 2    for the annual change were less than zero. According to Figure 8, in Southwest China, the Tavg rate of increase significantly became stronger with the increase in altitude (above 95% level). The augmenting effect of urbanization had been offset by the relatively stronger altitudinal effect, which led to an insignificant urbanization effect on Tavg change. That is also was why Southwest China obtained the lowest change in Tavg in the period 1960–2016. Overall, urbanization has a significant effect on the trends for Tavg.



Considering the urban-related effect in different seasons, in North, East, South and Northwest China, the largest augmenting effect on Tavg increase was observed in spring, with values of 0.119 °C per decade−1, 0.101 °C per decade−1, 0.123 °C per decade−1, and 0.158 °C per decade−1 based on the baseline from the rural group; the resultant relative urbanization contributions to Tavg changes were 26.3%, 30.9%, 55.2% and 41.7%, respectively. In Northeast China, the largest urbanization effect on the trend for Tavg occurred in autumn, with a value of 0.050 °C per decade−1 based on rural stations, and the urbanization contribution to the trends for Tavg was 15.6%. In Central China, largest augmenting effect on Tavg occurred in summer, with a value of 0.086 °C per decade−1 based on the baseline of the suburban group, resulting in the relative contribution of 74.1%. In Southwest China, the largest augmenting effect happened in summer, with a value of 0.086 °C per decade−1 based on the baseline of suburban group, causing a relative contribution of 34.6% to the Tavg change. In the of whole mainland China, the highest urbanization effect on the trend for Tavg occurred in spring, with a value of 0.063 °C per decade−1 based on rural stations, and the urbanization contribution to the trends for Tavg was 17.7%. In an early report released by the Intergovernmental Panel on Climate Change (IPCC), it was pointed out that the urban-related effect is of inferior importance; it had an effect of less than 0.05 °C in the century on the global average [58]; our results indicated that the urban-related effect might make a greater contribution to temperature increase. The effect thus should be given more attention.



In general, like TNN, the urbanization effect on the trends for Tavg also has obviously regional and seasonal characteristics. However, overall, in seasonal characteristics, urbanization presented the strongest effects on the trends for Tavg in spring in China, but presented the strongest effects on the trends for TNN in winter.




3.3. Urban-Related Effect on TXX Changes


Compared with TNN and Tavg, trends for TXX were not so evident. For the t-test (95%) in the trends for TXX, there were merely 149, 198, 233, 130 and 185 meteorological stations with significant trends in spring, summer, autumn, winter and annual, respectively. After averaging the rates of the changes of TXX for corresponding meteorological stations in each region, the rate of the change of TXX in each region was summarized in Table 8.



As shown in Table 8 and Table 9 and Figure 9, latitudinal zonality for TXX change had no obvious trends as displayed by TNN and Tavg. According to Section 3.1 and Section 3.2, in the four seasons and annual, in Northeast, North and Northwest China, the rates of the changes of TNN and Tavg were significantly faster than in the other regions. However, in Northeast China, in spring, the change of TXX was slower than in the others, with value of 0.230 °C per decade−1. Even so, it can be seen from the Table 9 that in four seasons and annual trends, the slowest TXX change still occurred in latitudes of 18°–25° N, proving that TXX changes in low latitudes were slower than that in mid-high latitudes. The seasonality of the trends for TXX was also less pronounced than TNN and Tavg. The changes in TNN and Tavg were the lowest in summer in all regions, but the TXX changes in many regions were not the lowest in summer.



In the whole of China, the fastest change for TXX occurred in winter at a rate of 0.469 °C per decade−1. In spring, the fastest increase in TXX occurred in Northwest China at a rate of 0.452 °C per decade−1, corresponding to the slowest in South China at a rate of 0.250 °C per decade−1. In summer, the fastest increase in TXX was observed in Northeast China at a rate of 0.391 °C per decade−1, but the slowest change in TXX was reported in Central China at a rate of 0.133 °C per decade−1. In autumn, the highest change in TXX happened in Northwest China at a rate of 0.470 °C per decade−1, corresponding to the slowest in South China at a rate of 0.245 °C per decade−1. In winter, the fastest increase in TXX occurred in North China at a rate of 0.597 °C per decade−1, while the slowest increase in TXX occurred in South China at a rate of 0.224 °C per decade−1. For the annual trend, the fastest increasing TXX occurred in Northeast China at a rate of 0.371 °C per decade−1, while the slowest happened in Central China at a rate of 0.087 °C per decade−1. Overall, according to Section 3.1 and Section 3.2, the seasonality of the trends for TXX is less pronounced than TNN and Tavg.



According to Figure 10, in the whole of mainland China, especially in the Southwest China, TXX also roughly increased with the increase in altitude in spring, summer, winter and annual. In Northwest China, the TXX change became faster with altitude change in the summer and annual periods, but became lower in spring, autumn and winter. Generally speaking, in most regions, the altitudinal effect on TXX change was slightly significant, but not as representative as that on TNN and Tavg.



According to Table 10, unlike the augmenting effect of urbanization on TNN and Tavg, the effect on TXX was almost negative. Moreover, in North, Central and Northwest China, in some time scales, the urbanization effects on TXX were also negative, suggesting that urbanization has actually weakened TXX changes. However, in South and East China, both   U  E 1    and   U  E 2    were larger than zero, which was consistent with TNN and Tavg, indicating that augmenting effects in South and East China were more stable. However, urbanization still had significant effects on the trends for TXX in South and East China. In South China, the largest urbanization effect occurred in winter using the baseline of the rural group, with a rate at 0.272 °C per decade−1, with the relative contribution of 65.3%. In East China, largest urbanization effect occurred in winter using the baseline of the remote group, with a rate at 0.185 °C per decade−1, with the relative contribution of 37.3%.



In the entire mainland China, the largest augmenting effect on TNN and Tavg occurred in winter, with an absolute increase of 0.132 °C per decade−1 and 0.063 °C per decade−1 with a relative increase of 18.1% and 19.8%. For the entirety of mainland China, the largest augmenting effect occurred in winter, with a rate at 0.131 °C per decade−1, with a relative contribution of 31.5%. The augmenting effect on TXX was much stronger than those of TNN and Tavg. Thus, without the augmenting effect caused by urbanization, the temperature change should be much lower than the current condition. Urbanization played an important role in TXX temperature increase.



Some studies have investigated the relationship between temperature change and atmospheric circulation patterns. Zhang and Fang [59] used data series from 1951–1985 to obtain spatially-specific differentiation characteristics of Tavg variations. They revealed that regional temperature changes are consistent with global observations with increased warming at high latitudes and less warming at lower latitudes. This statement is consistent with our results. Moreover, they also indicated spatial differences of temperature variations in the eastern, central, and western Chinese regions, which may be related to regional differences in monsoon circulation variation and the influence of large terrain features on the atmospheric circulation. Based on 303 TXX and TNN series in China for the period 1961–2003, You et al. [60] reported that, like what is shown in our results, stations in Northeast China, North China and Northwest China indicated the largest magnitudes in temperature change. They concluded that a strengthening anticyclonic circulation, increasing geopotential height and rapid warming over the Eurasian continent have contributed to the changes in temperature extremes in China. More specifically, Peng et al. [61] indicated that the variation of TXX over East China was mainly influenced by anthropogenic activities (e.g., land cover change), while TNN was more affected by atmospheric circulations (e.g., the Eurasian zonal circulation index and the cold air activity index). For Tavg, it was a result of the comprehensive effects of both atmospheric circulations and anthropogenic activities. All in all, the relationship between temperature changes and atmospheric circulation is very complicated; different regions may be affected by different atmospheric circulations. More studies are needed in the future to discover more specific conclusions.





4. Discussion


4.1. Uncertain Analysis


The investigation of the effects of urbanization on climate change is unlike other studies in the environment, where it is enough to investigate climate change for its own sake. In urban regions, the aims of the investigation are to understand the role of urbanization in climate change, which is something like the evaluation of possible fluctuations in climatic variables as a city expands over time, compared to what would have occurred had the built-up areas not been constructed. In fact, this is an investigation which is not essentially conclusive as the built-up areas had already been constructed, and even though they had not, the cities may have developed into a different stage than the pre-existing one anyway (i.e., because of other anthropogenic activities such as land reclamation or forest removal). Thus, the measurement of urban impacts on temperature is replete with technological barriers and no truth is available, only delicate estimations. The difficulty is in the development of a universally acceptable method to measure the urban effect. The study, in itself, is just an approximation of the facts about urban impacts. It should be used under consideration to avoid any misleading interpretation.



In addition, since the economic reform in 1978, China’s urbanization has developed rapidly, and few meteorological stations such as the Wutaishan station have been experienced multiple migrations [27]. Although we rectified the issue, it could not be fully eliminated, which could cause bias in the analysis of temperature changes. However, the migrations of some stations are only known by the local meteorological bureau, which requires further investigation about the situation of the relocation. Furthermore, there may be a relative offset in the spatial coordinates of the meteorological stations, which may have an impact on the selection of the group for each meteorological station, thus affecting the subsequent analysis of the contribution of the heat island warming. However, the above factors were related to the original data provided by the China Meteorological Data Network, in which it was difficult to correct the bias from the relocation and spatial offset. Therefore, in future analysis, it is necessary to consider how to eliminate the impact from these two factors.



The urban-related warming trend also heavily depended on the study periods. Different periods of analysis could derive very different trends (e.g., the period 1954–1983 for Jones’s study [22] versus the period of 1960 to 2016 used in this study and the period of 1961 to 2000 used by Ren et al. [27]). Moreover, the urban-related warming trend also heavily depended on study areas. This study has indicated that different regions of China represented different changing trends. In some regions there were not even any significant trends. The differences in both periods and study areas are all important. However, since the urbanization in China primarily happened in the most recent 40 years, the urban effects on temperature increase are more significant in this period. Thus, studies based on such a period could obtain more significant trends. Studies based on other periods (e.g., the period 1954–1983 for Jones’s study [22]) achieved less significant trends. For example, in Ren’s study [27], if we divide the analysis into two sub periods, namely, 1961–1980 and 1981–2000, both sub-periods will derive warming trends of 0.06 and 0.14 °C per decade−1, respectively, indicating that the warming trend in the second sub period is much higher than in the first sub period. Despite the varied degrees in urban-related warming assessments, all the studies have confirmed the positive effects of urbanization on temperature increase in urban regions.



We also compared our regression analysis results with the results obtained from a Mann–Kendall trend test at a 95% confidence level for both seasonal and annual temperature series used in this study. The comparison revealed that the stations with statistically significant increasing/decreasing trends obtained by regression analysis are almost the same as the stations obtained from the Mann–Kendall trend test (Figure 11). It can also be seen from the figure that the Z-values for most of the TNN and Tavg series are greater than 1.64, corresponding to their P-values (less than 0.05), indicating the trends for such stations are statistically significant. However, for TXX, the number of stations with statistically significant temperature changes is relatively small, but the results from both the trend analyses are quite similar. Thus, despite the numerous changes in the location of the stations and the related inhomogeneity of the temperature series, as well as naturally occurring outliers, the trend analysis results from statistical approaches remained reliable for such a long-term data series as the Chinese temperature dataset for the period 1960–2016.



In addition, the stations without significant trends should also be well investigated. According to the aforementioned results, seasonal and annual trends for TNN and Tavg series at most stations were statistically significant, while trends for TXX series at most stations were insignificant. Although the stations without significant trends are located in different regions, they did display two obvious aggregations (Figure 12): one was the spring and winter series for Tavg in South China. Another one was the summer series for TNN and Tavg in Central China. According to the study of Hu et al. [62], Central China showed a wetting trend in summer, and South China showed a wetting trend in spring. Because the specific heat capacity of water is larger than that of the land surface, the above two wetting trends would probably mitigate the warming trend in summer in Central China and in spring in South China.



Another point that should be highlighted is that most Chinese meteorological stations are located in the suburban areas [29], and only a few stations are located in urban or rural areas. This fact suggests that, if our meteorological stations are grouped into urban, suburban and rural categories, the number of urban stations and rural stations will be relatively small, while the number of suburban stations will be relatively large. As can be seen from Table 11, the three groups reflect the aforementioned fact: approximately 65% of the stations are located in suburbs. Meanwhile, it can also be seen that the TXX series includes many stations with insignificant trends, indicating that the temperature change in TXX was not quite typical over the period 1960–2016.




4.2. Compared with Previous Studies


Chrysanthou et al. [32] highlighted that annual-averaged temperature increased at a rate of 0.179 °C per decade−1 in pan-Europe since 1950, and the urbanization contributed 0.0026 °C per decade−1 to the change of annual-averaged temperature. In this study, both change of annual increase in Tavg (0.27 °C per decade−1) and the urban-related effect on annual Tavg change (0.031 °C per decade−1) in China were higher than the corresponding changes in Chrysanthou’s study. Regarding the seasonal temperature changes, the largest averaged temperature change occurred in summer in pan-Europe, according to Chrysanthou’s study, while in this study the lowest Tavg change occurred in summer in China, which presented the different pattern of temperature change between Europe and China. As for the situations of temperature change in North America, Stone Jr. B. [31] concluded that urbanization contributed 0.05 °C per decade−1 to the increase of mean temperature in the US, which was consistent with our results with regard to the urbanization contribution to the trend for Tavg between 0.031 °C and 0.063 °C per decade−1 in China.



Alexander et al. [34] reported that TNN has significantly increased in 45% of the 2223 meteorological stations over the world during the period 1951–2003. In this study, TNN has significantly increased in 65% of the 565 meteorological stations in China during the period 1960–2016, which was relatively higher than Alexander’s results as the fast urbanization has caused a rapid augment in urbanized area and population, leading to increasing taller and denser buildings and more emissions and resource consumption, as well as the resultant higher contribution to urban warming. Take the Pearl River Delta for example, since 1978, this region has been reported as a rising star because of its dramatic economic development and resultant fast urbanization under the country’s economic reform and opening policies (Table 11). In Table 12, it can be seen that most of the cities, especially the big cities (i.e., Guangzhou, Shenzhen, Zhuhai and Dongguan), have experienced extremely rapid urbanization. The total urbanized area in the Pearl River Delta has increased from 114,708.7 ha in 1989 to 691,014.9 ha in 2017.



Chen et al. [64] stated that China’s urbanization has experienced three periods, namely the fast shrinking stage (1960–1978), the stable soaring period (1978–1995) and the rapid augment stage (1996–2017). In fact, in the most recent 20 years, urban development in China has progressed more rapidly than its economic development. Thus, if there are any urban-related effects on temperature change, the effects can be observed in the third stage. Previous studies have reported that the warming trend (0.57 °C per decade−1) in the period 1981–2004 was much more significant than the overall period 1951–2004 (0.25 °C per decade−1) or the first half period 1951–1983 (0.15 °C per decade−1) (Table 12). These studies revealed that, in Eastern China, in one of the representative heavily urbanized regions, temperature increase is more significant. Even though we considered the overall situation in China, our study still found that during the period 1996–2016, the mean surface temperature increased much more rapidly (0.359 °C per decade−1) than in the overall period 1960–2016 (0.27 °C per decade−1). Although the urban-related effect on annual temperature increase was not so evident, its effect on seasonal mean surface temperature increase, especially for the seasons of spring, summer and autumn, is relatively noticeable: urbanization contributed 0.14 °C per decade−1, 0.08 °C per decade−1 and 0.016 °C per decade−1 to the increase in mean surface temperature in spring, summer and autumn, respectively (Table 13).



Compared with the study of Ren [35], in the four seasons and annually, the rate of TNN change in this study were slightly higher; furthermore, the rate of TXX change was almost double that of the former study result. The rate of Tavg change was almost similar. The major difference is probably because the studies were based on different periods and slightly different datasets. The meteorological dataset in this study came from the Monthly Value Dataset of the China Ground Climate Materials from the China Meteorological Network, which has only 613 meteorological stations. In the study of Ren, the meteorological dataset was from the National Meteorological Information Center, with 730 meteorological stations. Ren’s study was based on the records from 1961 to 2008, differently from our records from 1960 to 2016. As aforementioned, in the most recent two decades, urbanization in China has developed more rapidly than in other periods. Thus, urban-related effects on temperature increase in our study should be more significant than Ren’s study. For instance, for Tavg, the definition between the two studies was the same, but the data sources were slightly different, which was the probable reason for the difference between the two studies. However, the slowest trends for TNN and Tavg occurred in summer in both studies; this is highly consistent. On the scale of the whole of mainland China, the urban-related effect on the changes of TNN, Tavg, TXX in this study were slightly slower than that merely in North China reported Ren [27]. This is straightforward, because the urban development in northern China was significantly above the national average, and the resultant urban-related effect was also more illustrative in North China. Both studies indicated that urbanization has a significant effect on temperature change, but overall the largest urbanization effect uncertainly occurs in the region with the highest urbanization. According to Section 3.1 Section 3.2 and Section 3.3, altitude change also has an effect on temperature change, which could be a probable reason for the above phenomenon.




4.3. Implications for Sustainable Urban Development in China


Rapid urbanization in the world has led to nearly 54.5% of the world’s population residing in urbanized regions and this is predicted to grow by 2.5 billion by 2050 [67]. China’s urbanization will develop even faster as China has the larger population and higher building density [68]. This study revealed that fast urbanization and the resultant temperature increase has adverse effects on the dwellers in the cities and urban sustainability. In the case of mainland China, the biggest urban-related effects are located in North, South, Northwest and Northeast China. The relationship between the urban-related effect and social–ecological elements (i.e., land cover change, vegetation variation, impervious surface development, population density) should be carefully investigated. The corresponding countermeasures should first be implemented in such regions. In this study, the land cover map of 2017 indicated that vegetation cover in North and Northwest China is relatively low. In addition, the dominant vegetation in such regions are crops or deciduous forests (Figure 3), which are harvested in autumn, with a resultant extremely low cooling effect in winter and spring. Therefore, increasing vegetation cover, especially evergreen forests, in the cities could be an applicable measure to mitigate the urban-related effects in North and Northwest China. In this study, the land cover map of 2017 also indicated that vegetation cover in the cities in South China is already very high (Figure 3). Our study revealed the highest urban-related effect on temperature increase in South China primarily happened in summer. The largest possible contributor to urban-related effect in South China is rapid population growth and the resultant high building density and anthropogenic heat. Thus, it is crucial for the government to provide more urban green spaces like urban city green parks in the future urban planning to mitigate urban-related effects in these regions.





5. Conclusions


This study applied the 10-m high-resolution land cover map to identify the types of meteorological stations for the first time, providing a new idea for more accurate identification of the types of meteorological stations. This study investigated the trends of extreme-temperature change in China for the period 1960–2016 and the urban-related effects on seasonal- and annual-extreme-temperature variations. The results indicated that, in the period 1960–2016, TNN, Tavg and TXX experienced significant increasing trends, and trends for TNN were faster than Tavg and TXX. Annually, the rates of changes of TNN, Tavg and TXX were 0.618 °C per decade−1, 0.272 °C per decade−1 and 0.352 °C per decade−1. The changes in TNN and Tavg displayed obvious seasonality and regionality: the slowest rates of change of TNN and Tavg occurred in summer, while the relatively faster rates of the change of TNN and Tavg occurred in winter. Regionality was reflected in that the changes in TNN and Tavg in North China was more significant than in South China. As latitude increased, the changes in TNN and Tavg also increased. The study also revealed that altitude had a significant impact on temperature change, especially in Southwest China. In 1960–2016, urban-related effects on the changes in TNN, Tavg and TXX in China were validated, but the effect on TNN was more pronounced. In the annual trend, in the whole of China, urbanization effects on TNN variations based on rural stations and suburban stations were 0.098 °C per decade−1 and 0.121 °C per decade−1, respectively, and the urbanization contributions were 13.7% and 17.0%, respectively; urbanization effects on Tavg changes based on rural stations and suburban stations were 0.031 °C per decade−1 and 0.063 °C per decade−1 respectively, and the urbanization contributions are 9.8% and 19.8% respectively; urbanization effects on TXX changes based on rural stations and suburban stations were −0.01 °C per decade−1 and 0.032 °C per decade−1, respectively, and the urbanization contributions were −2.1% and 9.5% respectively. Urbanization has a regional effect on the changes in TNN, Tavg and TXX. In the Southwest China, the urbanization effect was not significant at altitudes more than 3000 m. Conversely, urbanization effect was more stably significant at low altitudes, especially in North, South, Northwest and Northeast China. In North, Northwest and Northeast China, the urban-related effect on temperature increase was mainly observed in spring and winter, but in South China, the urban-related effect was more evident in summer. This study is valuable for sustainable urban development in China.
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Figure 1. Geographically distribution of meteorological stations and their corresponding classification based on urbanization level in China. 
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Figure 2. Important indices for urbanization in China, 1960–2016: (a) total population; (b) Urban population; (c) CO2 emissions per capita; (d) GDP per capita. (Data source: [38]). 
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Figure 3. 10-m resolution land cover map in China. 
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Figure 4. Trends for TNN in China, 1960–2016. 
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Figure 5. Altitudinal effect on TNN change in Northeast China (NE), North China (NC), East China (EC), South China (SC), Central China (CC), Northwest China (NE), Southwest China (SW) and China (CHN), 1960–2016, respectively, in (a) spring, (b) summer, (c) autumn, (d) winter and (e) annual. 
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Figure 6. Trends for TNN in (a) rural group, (b) suburban group and (c) urban group, South China, 1960–2016, (d) GDP in South China, 1960–2016. 
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Figure 7. Trends for Tavg in China, 1960–2016. 
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Figure 8. Altitudinal effect on trends for Tavg in Northeast China (NE), North China (NC), East China (EC), South China (SC), Central China (CC), Northwest China (NE), Southwest China (SW) and China (CHN), 1960–2016, respectively, in (a) spring, (b) summer, (c) autumn, (d) winter and (e) annual. 
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Figure 9. Trends for TXX in China, 1960–2016. 
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Figure 10. Altitudinal effect on TXX change in Northeast China (NE), North China (NC), East China (EC), South China (SC), Central China (CC), Northwest China (NE), Southwest China (SW) and China (CHN), 1960–2016, respectively, in (a) spring, (b) summer, (c) autumn, (d) winter and (e) annual. 
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Figure 11. Comparison of trend analysis results based on regression analysis and a Mann–Kendall test for (a) TNN, (b) Tavg and (c) TXX data series; the data series include both seasonal and annual datasets used in this study. 
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Figure 12. The two evident aggregations displayed by the stations without significant trends: One was the spring and winter series for Tavg in South China. Another one the was summer series for TNN and Tavg in Central China. 
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Table 1. Definition of temperature indices.






Table 1. Definition of temperature indices.





	Index
	Abbreviation
	Definition (Unit)





	Extreme minimum temperature
	TNN
	Monthly lowest temperature (°C)



	Extreme maximum temperature
	TXX
	Monthly highest temperature (°C)



	Mean temperature
	Tavg
	Monthly mean value of average of daily temperature (°C)
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Table 2. Rate of the change of extreme minimum temperature (TNN) in each region in China, 1960–2016 (unit: °C per decade−1).
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	Region
	Spring
	Summer
	Autumn
	Winter
	Annual





	Northeast
	0.772
	0.597
	0.716
	0.801
	0.800



	North
	0.750
	0.646
	0.763
	0.793
	0.772



	Northwest
	0.782
	0.638
	0.838
	0.756
	0.759



	Southwest
	0.610
	0.405
	0.559
	0.537
	0.538



	Central
	0.432
	0.321
	0.502
	0.531
	0.528



	East
	0.437
	0.390
	0.564
	0.482
	0.480



	South
	0.334
	0.313
	0.489
	0.415
	0.411



	China
	0.677
	0.513
	0.666
	0.621
	0.618
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Table 3. Latitudinal zonality for the increasing trend for TNN (°C per decade−1) in China, 1960–2016.
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	Latitude Zone
	Spring
	Summer
	Autumn
	Winter
	Annual





	46–53° N
	0.947
	0.677
	0.817
	0.843
	0.842



	39–46° N
	0.789
	0.611
	0.830
	0.813
	0.809



	32–39° N
	0.607
	0.577
	0.704
	0.675
	0.671



	25–32° N
	0.511
	0.361
	0.542
	0.489
	0.490



	18–25° N
	0.527
	0.315
	0.494
	0.417
	0.415
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Table 4. The urban-related effect on trend of TNN (°C per decade−1).
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Region

	

	
Spring

	
Summer

	
Autumn

	
Winter

	
Annual




	

	
UE1

	
UE2

	
UE1

	
UE2

	
UE1

	
UE2

	
UE1

	
UE2

	
UE1

	
UE2






	
Northeast

	
UE

	
0.051

	
0.016

	
0.137

	
0.116

	
0.005

	
0.05

	
0.092

	
0.031

	
0.101

	
0.030




	
UC (%)

	
6.5

	
2.0

	
19.7

	
16.7

	
1.1

	
6.7

	
11.0

	
3.7

	
12.0

	
3.6




	
North

	
UE

	
0.076

	
0.061

	
0.058

	
0.224

	
0.16

	
0.209

	
0.294

	
0.431

	
0.265

	
0.404




	
UC (%)

	
9.6

	
9.8

	
7.3

	
28.1

	
17.8

	
23.2

	
27.6

	
40.5

	
26.0

	
39.4




	
East

	
UE

	
-

	
0.069

	
0.101

	
0.037

	
-

	
0.049

	
-

	
0.105

	
-

	
0.099




	
UC (%)

	
-

	
14.0

	
24.0

	
8.8

	
-

	
8.1

	
-

	
18.2

	
-

	
17.4




	
South

	
UE

	
-

	
0.028

	
0.176

	
0.101

	
0.079

	
0.024

	
0.107

	
0.094

	
0.102

	
0.100




	
UC (%)

	
-

	
8.0

	
41.7

	
24.0

	
15.6

	
5.0

	
21.2

	
18.7

	
20.1

	
19.8




	
Central

	
UE

	
0.234

	
0.164

	
0.118

	
0.116

	
0.071

	
0.048

	
0.029

	
0.035

	
0.055

	
0.021




	
UC (%)

	
40.0

	
28.0

	
28.6

	
28.1

	
13.0

	
8.7

	
5.2

	
6.2

	
10.2

	
3.8




	
Northwest

	
UE

	
0.137

	
-

	
0.194

	
0.123

	
0.143

	
0.076

	
0.243

	
0.019

	
0.244

	
0.016




	
UC (%)

	
16.1

	
-

	
24.4

	
25.5

	
15.9

	
8.4

	
27.8

	
2.0

	
28.0

	
1.9




	
Southwest

	
UE

	
0.118

	
0.305

	
−0.15

	
0.003

	
0.169

	
0.356

	
−0.16

	
−0.03

	
−0.17

	
−0.02




	
UC (%)

	
14.6

	
37.7

	
−42.7

	
1.1

	
20.8

	
43.8

	
−37.1

	
−5.6

	
−37.8

	
−4.7




	
China

	
UE

	
0.041

	
0.053

	
0.038

	
0.090

	
0.023

	
0.059

	
0.110

	
0.132

	
0.098

	
0.121




	
UC (%)

	
5.8

	
7.5

	
6.6

	
15.7

	
3.2

	
8.4

	
15.1

	
18.1

	
13.7

	
17.0








Some regions do not have rural stations or suburban stations on certain time scales, the corresponding data are blank, indicated by “-”.
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Table 5. Rate of mean temperature (Tavg) change in each region in China, 1960–2016 (°C per decade−1).






Table 5. Rate of mean temperature (Tavg) change in each region in China, 1960–2016 (°C per decade−1).





	Region
	Spring
	Summer
	Autumn
	Winter
	Annual





	Northeast
	0.360
	0.277
	0.287
	0.432
	0.312



	North
	0.365
	0.227
	0.277
	0.483
	0.323



	Northwest
	0.332
	0.276
	0.366
	0.451
	0.341



	Southwest
	0.227
	0.221
	0.263
	0.352
	0.243



	Central
	0.300
	0.043
	0.213
	0.271
	0.193



	East
	0.311
	0.174
	0.222
	0.287
	0.222



	South
	0.160
	0.142
	0.222
	0.236
	0.165



	China
	0.314
	0.233
	0.280
	0.379
	0.272
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Table 6. Latitudinal zonality for the increasing trend for Tavg in mainland China, 1960–2016 (°C per decade−1).
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	Latitude Zone
	Spring
	Summer
	Autumn
	Winter
	Annual





	46–35° N
	0.417
	0.338
	0.351
	0.507
	0.370



	39–46° N
	0.345
	0.248
	0.310
	0.437
	0.313



	32–39° N
	0.335
	0.254
	0.306
	0.408
	0.303



	25–32° N
	0.260
	0.197
	0.235
	0.298
	0.216



	18–25° N
	0.186
	0.153
	0.221
	0.262
	0.177
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Table 7. Urban-related effect on Tavg (°C per decade−1) change in China, 1960–2016.
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Region

	

	
Spring

	
Summer

	
Autumn

	
Winter

	
Annual




	

	
UE1

	
UE2

	
UE1

	
UE2

	
UE1

	
UE2

	
UE1

	
UE2

	
UE1

	
UE2






	
Northeast

	
UE

	
0.046

	
0.047

	
0.035

	
0.015

	
0.050

	
0.041

	
0.006

	
0.02

	
0.061

	
0.049




	
UC (%)

	
11.6

	
11.8

	
12.1

	
5.2

	
15.6

	
12.8

	
1.4

	
4.7

	
17.2

	
13.8




	
North

	
UE

	
0.119

	
0.107

	
0.006

	
0.026

	
0.016

	
0.076

	
0.106

	
0.107

	
0.088

	
0.088




	
UC (%)

	
26.3

	
23.6

	
2.5

	
10.7

	
4.9

	
23.1

	
18.8

	
19.0

	
22.4

	
22.4




	
East

	
UE

	
0.101

	
0.013

	
0.049

	
0.000

	
0.016

	
0.037

	
0.084

	
0.070

	
0.054

	
0.037




	
UC (%)

	
30.9

	
4.0

	
28.0

	
0.0

	
6.3

	
14.6

	
24.1

	
20.1

	
21.1

	
14.5




	
South

	
UE

	
0.123

	
0.056

	
0.108

	
0.063

	
0.129

	
0.103

	
0.062

	
0.038

	
0.135

	
0.088




	
UC (%)

	
55.2

	
25.1

	
50.9

	
29.7

	
40.0

	
31.9

	
22.6

	
13.9

	
52.3

	
34.1




	
Central

	
UE

	
0.052

	
0.099

	
-

	
0.086

	
0.034

	
0.078

	
0.043

	
0.072

	
0.052

	
0.094




	
UC (%)

	
13.9

	
26.5

	
-

	
74.1

	
12.5

	
28.8

	
13.5

	
22.6

	
19.4

	
35.2




	
Northwest

	
UE

	
0.158

	
0.120

	
−0.01

	
0.040

	
0.092

	
0.085

	
0.303

	
0.240

	
0.153

	
0.134




	
UC (%)

	
33.7

	
25.6

	
−4.5

	
13.8

	
20.3

	
18.8

	
42.3

	
33.5

	
31.7

	
27.8




	
Southwest

	
UE

	
−0.045

	
0.084

	
−0.05

	
0.002

	
−0.05

	
0.009

	
−0.02

	
0.085

	
−0.05

	
0.048




	
UC (%)

	
−18.5

	
34.6

	
−23.0

	
1.0

	
−19.6

	
3.7

	
−6.1

	
22.6

	
−20.1

	
19.7




	
China

	
UE

	
0.065

	
0.063

	
−0.02

	
0.012

	
0.000

	
0.040

	
0.029

	
0.060

	
0.031

	
0.063




	
UC (%)

	
17.7

	
17.1

	
−9.2

	
5.3

	
0.0

	
13.3

	
6.9

	
14.3

	
9.8

	
19.8








Some regions do not have rural stations or suburban stations on certain time scales, the corresponding data are blank, indicated by “-”.
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Table 8. Extreme maximum temperature (TXX) changes in each region in China, 1960–2016 (unit: °C per decade−1).
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	Region
	Spring
	Summer
	Autumn
	Winter
	Annual





	Northeast
	0.230
	0.391
	0.392
	0.574
	0.371



	North
	0.452
	0.264
	0.430
	0.597
	0.280



	Northwest
	0.365
	0.360
	0.470
	0.496
	0.357



	Southwest
	0.278
	0.364
	0.297
	0.514
	0.330



	Central
	0.322
	0.133
	0.436
	0.371
	0.087



	East
	0.319
	0.330
	0.249
	0.300
	0.336



	South
	0.250
	0.182
	0.245
	0.224
	0.209



	China
	0.317
	0.332
	0.380
	0.469
	0.325
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Table 9. Latitudinal zonality for the increasing trend for TXX (°C per decade−1) in China, 1960–2016.
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	Latitude Zone
	Spring
	Summer
	Autumn
	Winter
	Annual





	46–53° N
	0.407
	0.490
	0.453
	0.539
	0.456



	39–46° N
	0.284
	0.315
	0.370
	0.511
	0.316



	32–39° N
	0.379
	0.348
	0.493
	0.485
	0.343



	25–32° N
	0.315
	0.378
	0.307
	0.538
	0.346



	18–25° N
	0.247
	0.209
	0.229
	0.262
	0.205
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Table 10. Urbanization aggrandizement effect on TXX (°C per decade−1) change in China, 1960–2016.
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Region

	

	
Spring

	
Summer

	
Autumn

	
Winter

	
Annual




	

	
UE1

	
UE2

	
UE1

	
UE2

	
UE1

	
UE2

	
UE1

	
UE2

	
UE1

	
UE2






	
Northeast

	
UE

	
-

	
-

	
−0.04

	
−0.07

	
−0.03

	
−0.04

	
0.014

	
−0.07

	
−0.11

	
−0.10




	
UC (%)

	
-

	
-

	
−12.3

	
−21.7

	
−7.9

	
−12.4

	
2.5

	
−11.7

	
−40.7

	
−38.7




	
North

	
UE

	
-

	
0.077

	
0.037

	
-

	
−0.02

	
0.036

	
0.209

	
0.000

	
-

	
0.066




	
UC (%)

	
-

	
15.3

	
9.5

	
-

	
−4.6

	
7.9

	
31.7

	
0.000

	
-

	
15.4




	
East

	
UE

	
0.087

	
0.032

	
0.110

	
0.060

	
-

	
0.132

	
0.185

	
0.122

	
0.112

	
0.056




	
UC (%)

	
24.7

	
9.2

	
28.4

	
15.6

	
-

	
36.1

	
37.3

	
24.6

	
28.7

	
14.4




	
South

	
UE

	
0.303

	
0.253

	
0.138

	
0.145

	
0.206

	
0.275

	
0.272

	
0.152

	
0.267

	
0.237




	
UC (%)

	
61.2

	
51.0

	
44.7

	
46.8

	
42.8

	
57.1

	
65.3

	
36.5

	
61.3

	
54.4




	
Central

	
UE

	
−0.005

	
0.036

	
−0.06

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
UC (%)

	
−1.7

	
12.4

	
−35.6

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Northwest

	
UE

	
0.130

	
0.133

	
−0.04

	
0.054

	
0.164

	
0.126

	
0.076

	
0.071

	
−0.03

	
0.056




	
UC (%)

	
26.4

	
27.1

	
−10.4

	
14.9

	
27.0

	
20.6

	
13.4

	
12.5

	
−8.5

	
15.4




	
Southwest

	
UE

	
-

	
-

	
−0.06

	
−0.05

	
−0.11

	
0.015

	
−0.24

	
−0.09

	
−0.11

	
−0.06




	
UC (%)

	
-

	
-

	
−18.3

	
−14.8

	
−45.6

	
6.1

	
−71.9

	
−27.5

	
−44.9

	
−22.3




	
China

	
UE

	
0.064

	
0.131

	
−0.11

	
−0.08

	
0.013

	
0.056

	
−0.03

	
0.028

	
−0.01

	
0.032




	
UC (%)

	
15.4

	
31.5

	
−45.3

	
−31.6

	
3.3

	
13.7

	
−5.6

	
6.1

	
−2.1

	
9.5








Some regions do not have rural stations or suburban stations on certain time scales, the corresponding data are blank, indicated by “-”.
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Table 11. Table with compilation of the number of station types in particular regions. The numbers outside the brackets represent stations with significant trends; the numbers inside the brackets represent the stations without significant trends.
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Region

	
Group

	
Spring

	
Summer

	
Autumn

	
Winter

	
Annual




	

	
TNN

	
Tavg

	
TXX

	
TNN

	
Tavg

	
TXX

	
TNN

	
Tavg

	
TXX

	
TNN

	
Tavg

	
TXX

	
TNN

	
Tavg

	
TXX






	
Northeast

	
Urban

	
8 (1)

	
9 (0)

	
0 (9)

	
9 (0)

	
9 (0)

	
2 (7)

	
5 (4)

	
9 (0)

	
8 (1)

	
2 (7)

	
9 (0)

	
0 (9)

	
7 (2)

	
9 (0)

	
1 (8)




	
Suburban

	
40 (30)

	
68 (2)

	
11 (59)

	
58 (12)

	
57 (13)

	
16 (54)

	
27 (43)

	
57 (13)

	
40 (30)

	
30 (40)

	
56 (14)

	
6 (64)

	
43 (27)

	
69 (1)

	
18 (52)




	
Rural

	
13 (13)

	
24 (2)

	
1 (25)

	
22 (4)

	
23 (3)

	
6 (20)

	
6 (20)

	
22 (4)

	
18 (8)

	
15 (11)

	
20 (6)

	
0 (26)

	
14 (12)

	
26 (0)

	
7 (19)




	
North

	
Urban

	
6 (2)

	
8 (0)

	
1 (7)

	
8 (0)

	
8 (0)

	
2 (6)

	
7 (1)

	
8 (0)

	
2 (6)

	
1 (7)

	
8 (0)

	
1 (7)

	
7 (1)

	
8 (0)

	
2 (6)




	
Suburban

	
11 (18)

	
28 (1)

	
2 (27)

	
22 (7)

	
19 (10)

	
5 (24)

	
14 (15)

	
23 (6)

	
15 (14)

	
17 (12)

	
24 (5)

	
4 (25)

	
16 (13)

	
26 (3)

	
6 (23)




	
Rural

	
3 (4)

	
7 (0)

	
1 (6)

	
6 (1)

	
6 (1)

	
1 (6)

	
4 (3)

	
5 (2)

	
2 (5)

	
1 (6)

	
7 (0)

	
3 (4)

	
6 (1)

	
7 (0)

	
1 (6)




	
East

	
Urban

	
4 (6)

	
10 (0)

	
3 (7)

	
9 (1)

	
6 (4)

	
2 (8)

	
8 (2)

	
9 (1)

	
1 (9)

	
5 (5)

	
9 (1)

	
1 (9)

	
7 (3)

	
10 (0)

	
2 (8)




	
Suburban

	
16 (59)

	
62 (13)

	
31 (44)

	
42 (33)

	
41 (34)

	
17 (58)

	
54 (21)

	
68 (7)

	
9 (66)

	
54 (21)

	
69 (6)

	
6 (69)

	
55 (20)

	
73 (2)

	
16 (59)




	
Rural

	
0 (4)

	
4 (0)

	
2 (2)

	
1 (3)

	
2 (2)

	
1 (3)

	
3 (1)

	
4 (0)

	
0 (4)

	
4 (0)

	
4 (0)

	
1 (3)

	
0 (4)

	
4 (0)

	
1 (3)




	
South

	
Urban

	
0 (3)

	
3 (0)

	
2 (1)

	
3 (0)

	
3 (0)

	
3 (0)

	
3 (0)

	
3 (0)

	
2 (1)

	
1 (2)

	
3 (0)

	
1 (2)

	
3 (0)

	
3 (0)

	
2 (1)




	
Suburban

	
1 (36)

	
17 (20)

	
11 (26)

	
29 (8)

	
31 (6)

	
17 (20)

	
20 (17)

	
33 (4)

	
16 (21)

	
27 (10)

	
18 (19)

	
7 (30)

	
31 (6)

	
33 (4)

	
12 (25)




	
Rural

	
1 (10)

	
5 (6)

	
7 (4)

	
8 (3)

	
11 (0)

	
8 (3)

	
5 (6)

	
10 (1)

	
5 (6)

	
10 (1)

	
5 (6)

	
6 (5)

	
8 (3)

	
11 (0)

	
8 (3)




	
Central

	
Urban

	
3 (2)

	
5 (0)

	
1 (4)

	
5 (0)

	
3 (2)

	
1 (4)

	
3 (2)

	
5 (0)

	
0 (5)

	
2 (3)

	
5 (0)

	
0 (5)

	
5 (0)

	
5 (0)

	
1 (4)




	
Suburban

	
8 (27)

	
34 (1)

	
8 (27)

	
19 (16)

	
3 (32)

	
2 (33)

	
12 (23)

	
27 (8)

	
5 (30)

	
23 (12)

	
23 (12)

	
2 (33)

	
25 (10)

	
32 (3)

	
3 (32)




	
Rural

	
5 (9)

	
13 (1)

	
5 (9)

	
5 (9)

	
3 (11)

	
3 (11)

	
5 (9)

	
10 (4)

	
4 (10)

	
9 (5)

	
9 (5)

	
1 (13)

	
8 (6)

	
12 (2)

	
3 (11)




	
Northwest

	
Urban

	
0 (2)

	
2 (0)

	
1 (1)

	
2 (0)

	
2 (0)

	
1 (1)

	
2 (0)

	
2 (0)

	
2 (0)

	
0 (2)

	
2 (0)

	
1 (1)

	
2 (0)

	
2 (0)

	
1 (1)




	
Suburban

	
23 (41)

	
59 (5)

	
16 (48)

	
55 (9)

	
53 (11)

	
25 (39)

	
48 (16)

	
59 (5)

	
28 (36)

	
33 (31)

	
54 (10)

	
19 (45)

	
32 (32)

	
60 (4)

	
19 (45)




	
Rural

	
22 (35)

	
54 (3)

	
17 (40)

	
53 (4)

	
53 (4)

	
31 (26)

	
38 (19)

	
55 (2)

	
28 (29)

	
40 (17)

	
48 (9)

	
18 (39)

	
30 (27)

	
57 (0)

	
24 (33)




	
Southwest

	
Urban

	
2 (1)

	
3 (0)

	
0 (3)

	
3 (0)

	
3 (0)

	
3 (0)

	
1 (2)

	
3 (0)

	
1 (2)

	
2 (1)

	
2 (1)

	
2 (1)

	
3 (0)

	
3 (0)

	
2 (1)




	
Suburban

	
23 (25)

	
28 (20)

	
17 (31)

	
37 (11)

	
36 (12)

	
27 (21)

	
26 (22)

	
39 (9)

	
25 (23)

	
31 (17)

	
30 (18)

	
20 (28)

	
34 (14)

	
40 (8)

	
17 (31)




	
Rural

	
25 (13)

	
31 (7)

	
12 (26)

	
28 (10)

	
35 (3)

	
25 (13)

	
29 (9)

	
36 (2)

	
22 (16)

	
19 (19)

	
37 (1)

	
28 (10)

	
30 (8)

	
37 (1)

	
21 (17)




	
China

	
Urban

	
23 (17)

	
40 (0)

	
8 (32)

	
39 (1)

	
33 (7)

	
14 (26)

	
29 (11)

	
39 (1)

	
16 (24)

	
13 (27)

	
38 (2)

	
7 (33)

	
34 (6)

	
40 (0)

	
12 (28)




	
Suburban

	
122 (236)

	
296 (62)

	
96 (262)

	
262 (96)

	
240 (118)

	
109 (249)

	
201 (157)

	
306 (52)

	
138 (220)

	
215 (143)

	
274 (84)

	
66 (292)

	
236 (122)

	
333 (25)

	
99 (259)




	
Rural

	
69 (88)

	
138 (19)

	
45 (112)

	
123 (34)

	
133 (24)

	
75 (82)

	
90 (67)

	
142 (15)

	
79 (78)

	
98 (59)

	
130 (27)

	
57 (100)

	
96 (61)

	
154 (3)

	
74 (83)
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Table 12. Satellite-detected urban expansion in the Pearl River Delta from 1989 to 2017.
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	City/County
	Urban Area 1989 a (ha)
	Urban Area 1997 a (ha)
	Urban Area 2017 (ha)
	1989–1997 Change (%)
	1998–2017 Change (%)





	Bao’an
	6403.32
	21,344.4
	36,735.66
	233.3
	72.1



	Dongguan
	18,676.3
	42,155.2
	121,326.48
	125.7
	187.8



	Doumen
	2134.44
	3735.27
	12,618.99
	75.0
	237.8



	Foshan
	6403.32
	6936.93
	12,075.03
	8.3
	74.1



	Guangzhou
	23,478.8
	28,281.3
	65,676.15
	20.5
	132.2



	Jiangmen
	1600.83
	3735.27
	72,820.17
	133.3
	1849.5



	Nanhai
	13,340.3
	21,344.4
	64,879.02
	60.0
	204.0



	Panyu
	7470.54
	8537.76
	51,421.68
	14.3
	502.3



	Sanshui
	2134.44
	2134.44
	28,346.67
	0.0
	1228.1



	Shenzhen
	1049.76
	4268.88
	37,476
	306.7
	777.9



	Shunde
	6403.32
	10,138.6
	46,668.71
	58.3
	360.3



	Xinhui
	5869.71
	7470.54
	23,119.74
	27.3
	209.5



	Zengcheng
	5869.71
	5869.71
	20,997.09
	0.0
	257.7



	Zhongshan
	13,340.3
	16,541.9
	69,787.26
	24.0
	321.9



	Zhuhai
	533.61
	6403.32
	27,066.24
	1100.0
	322.7







a The data for the years of 1989 and 1997 was collected from Weng’s study [63].
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Table 13. Comparison of annual and seasonal temperature trends based on different studies.






Table 13. Comparison of annual and seasonal temperature trends based on different studies.





	
Study Period

	
CRUTEM3v for East China a




	
Annual

	
Spring

	
Summer

	
Autumn

	
Winter






	
Period 1951–2004

	
0.25

	
0.29

	
0.13

	
0.17

	
0.42




	
Period 1954–1983

	
0.15

	
0.21

	
0.02

	
0.09

	
0.27




	
Period 1981–2004

	
0.57

	
0.64

	
0.47

	
0.38

	
0.81




	

	
Li & Li-728 for East China b




	
Period 1951–2004

	
0.22

	
0.22

	
0.11

	
0.17

	
0.37




	
Period 1954–1983

	
0.12

	
0.16

	
0.05

	
0.06

	
0.20




	
Period 1981–2004

	
0.51

	
0.57

	
0.31

	
0.43

	
0.74




	

	
HadSST2 for East China a




	
Period 1951–2004

	
0.14

	
0.15

	
0.11

	
0.13

	
0.16




	
Period 1954–1983

	
0.02

	
0.03

	
0.00

	
0.11

	
−0.03




	
Period 1981–2004

	
0.60

	
0.89

	
0.26

	
0.32

	
0.92




	

	
This study for entire mainland China




	
Period 1960–2016

	
0.27

	
0.31

	
0.23

	
0.28

	
0.38




	
urban–related effect for Period 1960–2016 based on Tavg

	
UE1

	
0.031

	
0.065

	
−0.020

	
0.000

	
0.029




	
UE2

	
0.063

	
0.063

	
0.012

	
0.040

	
0.060




	
Period 1996–2016

	
0.359

	
0.648

	
0.411

	
0.465

	
0.289




	
Urban–related effect for Period 1996–2016 based on Tavg

	
UE1

	
0.013

	
0.140

	
0.080

	
0.016

	
/




	
UE2

	
0.16

	
0.09

	
0.15

	
0.20

	
/








a Results based on Rayner et al. [65]. b Results based on Li and Li [66].
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