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Abstract

:

Precipitation is a critical factor affecting regional water cycles, water ecology, and socioeconomic development. Monthly precipitation, water vapor pressure, and temperature datasets from 613 meteorological stations across China were used to analyze the spatiotemporal evolution of urban rain island effects at the national scale during periods of slow (1960–1969) and accelerated (2010–2019) urbanization. The combined effects of artificial water dissipation and heat islands on urban precipitation were a key focus of this study. The results showed that rain island effects (0–31.6 mm/month) were primarily distributed along the southeast coast (dominated by the heat island effect) and northwest inland region (dominated by artificial water dissipation). During winter, the relative contribution of artificial water dissipation was higher in urban areas, and the rain island effect was more apparent than in the summer. Comparisons of precipitation prior to and following large-scale urbanization showed that precipitation and rain island intensity along the southeast coast and northwest inland region increased by 0–28 and 0–28.6 mm/month, respectively. These findings indicate that artificial water dissipation is an important water vapor source for urban precipitation, particularly during winter months.
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1. Introduction


Precipitation is an important variable that determines the degree of dryness and wetness of the terrestrial climate, and it is also the main driver of surface and groundwater spatiotemporal variability [1,2,3]. In recent years, climate change [4] and human activities such as urbanization [5,6,7] have increased the spatiotemporal distribution of global precipitation and exacerbated the frequency and intensity of regional extreme precipitation [8,9,10], thereby impacting socioeconomic development and living conditions [11,12,13,14]. The rain island phenomenon means that precipitation in urban areas tends to be higher than that of surrounding suburbs [15,16]. Owing to its vast territory and varied climate, precipitation changes in China at the national scale are complex [17,18]. Furthermore, uncertainty and even controversy exist regarding the specific laws, physical mechanisms, and factors driving the impact of urbanization on precipitation [19]. Consequently, rain island effects under the influence of regional climate change have become a key research issue for regional water security, considering the worldwide growth in urbanization [20].



Researchers have adopted two main methodologies to investigate the influence of urbanization on precipitation: station-based observations and numerical simulations [21,22]. Changnon [23] investigated the impact of urbanization on precipitation using urban meteorological experiments and proposed that the heat island effect, urban underlying surface, and condensation nodule effect were the main factors driving precipitation. Shem and Shepherd [24] used the Weather Research and Forecasting model to simulate the spatiotemporal evolution of precipitation in the context of rapid urbanization in Atlanta, GA, USA and found that the precipitation increased by 10% to 13% in the region downwind of the urban area. Based on observations and research, most scholars consider that urbanization increases precipitation in urban areas compared to that in the suburbs [25]. However, some scholars have suggested that aerosols produced by urbanization and industrial pollution have caused urban precipitation to decrease [26,27]. Owing to the large regional variations in the rain island effect, the impact mechanisms of urbanization on precipitation remain uncertain. Previous studies have mainly focused on analyzing the rain island effect in a specific region [28], but the small research scope of such studies could not reflect the characteristics and trends of the rain island effect at the national scale [29,30,31,32]. Therefore, it is of great scientific significance and practical value to systematically study the spatiotemporal variation and driving mechanisms of the rain island effect at the national scale prior to and following a period of rapid urbanization [33,34].



Urban artificial water dissipation refers to the dissipation of water vapor generated by various human water extraction activities within the urban scope. Sources of urban artificial water dissipation include water used for washing and cleaning inside residential and commercial buildings, irrigation, and road sprinkling [35]. In 2020, 56.15% of the global population lived in urban areas, and this figure continues to grow. The rapid development of urbanization has concentrated artificial water dissipation in urban areas, thus increasing the urban water dissipation flux and changing the characteristics of water cycle processes [36,37]. For example, urban water consumption in China increased from 7.875 billion m3 in 1978 to 62.954 billion m3 in 2020, and the corresponding urban water dissipation also increased rapidly [38]. Using a series of indoor and outdoor monitoring experiments, Zhou et al. [39,40] found that the proportion of artificial water dissipation was approximately 45.33–65.92% in the six districts of Beijing in 2015 and reached 40.20% in Xiamen. Luo [36,41] included artificial water dissipation on different types of underlying surfaces in the urban canopy model coupled with the Weather Research and Forecasting (WRF) model. These studies reported that Beijing is prone to be a dry island in summer and a wet island in winter. Artificial water dissipation affected the regional water–heat balance and water vapor flux, which had a positive regulating effect on urban climate. At the same time, the heat island effect has increased urban evapotranspiration. Consequently, the combined influence of artificial water dissipation and the heat island effect on urban precipitation cannot be ignored. At present, most studies on the rain island effect use the static urban underlying surface itself as the research object [42]; however, our understanding of the impact of human water activities on the dynamic urban underlying surface remains limited [43].



In this study, we compared monthly water vapor pressure, temperature, and precipitation data from 613 national meteorological stations from slow (1960–1969) and accelerated (2010–2019) urbanization periods to systematically analyze the spatiotemporal variation characteristics of the rain island effect during different periods of urbanization at the national scale. The influence mechanisms of urban artificial water dissipation and the heat island effect on urban rain island effects are quantitatively discussed. Our findings will provide a theoretical basis for an in-depth understanding of the factors governing the spatiotemporal evolution of large-scale rain island effects and provide additional information for analyzing urban water cycle processes, water resources distribution, and water regime change.




2. Method


2.1. Data Sources and Preprocessing


China encompasses a vast territory with considerable differences in natural and geographical conditions. The monthly dataset of Chinese surface climate data compiled and released by the “China Meteorological Data Sharing Service System” (URL: http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_MUL_MON.html accessed on 10 May 2021) was used in this study. Owing to the lack of meteorological data in Hong Kong, Macau, and Taiwan Province, this study mainly focused on the comparative analysis of urban and suburban precipitation in the 31 provinces, autonomous regions, and municipalities directly under the central government on the Chinese mainland. The spatial distribution of each meteorological station is shown in Figure 1, in which red and blue dots indicate urban and suburban stations, respectively. To analyze the spatiotemporal distribution of the rain island effect before and after rapid urbanization, the water vapor pressure, temperature, and precipitation data from 613 national stations were compared from 1960 to 1969 and 2010 to 2019. All meteorological datasets have undergone strict quality control and inspection, and the data are complete and of high quality [44]. The average 10-year precipitation in each stage was selected to eliminate the influence of sudden changes in precipitation in certain years. The periods of slow and accelerated urbanization (1960–1969 and 2010–2019) were selected based on China’s reform and opening-up policy in 1978, which began the stage of rapid urbanization. Since 2005, the built-up area in China has increased at an average rate of 7% per year. To select 10 typical and complete consecutive years, we chose 1960–1969 and 2010–2019 as slow and rapid urbanization periods, respectively.




2.2. Classification of Urban and Suburban Areas


The urbanization rate is a measure of the degree of urbanization; that is, the proportion of the urban population among the total population (including agricultural and non-agricultural). However, as all national ground observation stations are in urban and built-up areas, we analyzed our data by administrative district rather than by land-use type. In China, county-level cities are the smallest level in cities; prefecture-level cities, municipal districts, and county-level cities (with a high urbanization rate) were classified as cities. Therefore, meteorological stations distributed in these areas were assumed to be urban stations, while those located in counties, autonomous counties, and towns (with a low urbanization rate) were considered to be suburban stations [45]. When setting up urban areas in each provincial administrative region, the state must consider the local economy, population, resources, environment, and other factors. Therefore, we believe that the structure of urban areas provided in this study is reasonable. The urbanization rate of cities in a provincial administrative region is higher than that of suburbs. Using Beijing as an example, the urbanization rate of the Beijing urban meteorological station is 90.8%, while the urbanization rate of surrounding suburban meteorological stations (e.g., Miyun Station) is only 60.6% in the same period. Although the suburbs are also undergoing urbanization, the development speed is much lower than that of urban areas in the same provincial administrative regions.



In addition, based on the extent of urbanization and building density, the nighttime light data are used to divide cities and suburbs, which can be used as the verification of national setting cities. Specifically, the brighter the light, the higher the urbanization level. It can be seen from the nighttime light data (Figure 2) that the urbanization level in eastern China is relatively high, while that in western China is relatively low. This result is consistent with the spatial distribution of this study, in that there are relatively more urban stations in eastern China and relatively fewer urban stations in western China. The urbanization level of 31 provincial capitals in China was further analyzed using nighttime light data, and it was found to be congruent with the locations of urban and suburban stations used in this study. It can be found that most of the statistical results of nighttime light data are consistent with those of urban structures established by the state, with only slight differences in individual regions; we used the nighttime light data to correct and calculate this deviation and found that the conclusion is consistent with the spatiotemporal variation law of the rain island effect found in this study.



To visually display the degree of urbanization in various regions of China, the average urbanization rate for various regions from 2010 to 2019 was ranked (Table 1; National Bureau of Statistics). Figure 1 and Table 1 show that the urbanization rate is relatively high in eastern China, especially in municipalities directly under central government control and those in coastal areas. Conversely, the urbanization rate is relatively low in western China, indicating that the eastern coastal areas have experienced more urbanization. Based on our classification method, there were 302 urban stations and 311 suburban stations in China. By comparing the differences in mean values of precipitation, temperature, and humidity of all urban and suburban stations in the same period in each administrative region, we determined whether cities in each administrative region tended to display rain, heat, and/or dry/wet island effects, thereby providing a tendency for each administrative region.




2.3. Absolute Humidity


Absolute humidity is the mass of water vapor contained in a unit volume of air (the water vapor density of humid air). It is a physical measure of the atmospheric water vapor content, which can provide a water vapor source for precipitation [46]. Changes in urban absolute humidity can directly reflect changes in the evaporation capacity of the urban underlying surface, that is, changes in urban water dissipation. The absolute humidity can be calculated from the actual water vapor pressure and temperature as follows:


   a = A     e T   



(1)




where a is the absolute humidity (g/m3), A is a constant, taken as 217, e is the actual water vapor pressure, and T is the temperature (K). Using this method, annual and seasonal average values of absolute humidity were calculated at each meteorological station. The seasons were classified as spring from March to May, summer from June to August, autumn from September to November, and winter from December to February of the following year.




2.4. Urban Artificial Water Dissipation


Urban areas are dual water areas with a deep coupling of the natural and social water cycles [47]. Urban water dissipation is composed of both natural and artificial water dissipation. Natural water dissipation is evaporation from the urban underlying surface caused by natural precipitation, while artificial water dissipation is generated by human activities in urban areas (Figure 3a), including artificial irrigation, building water dissipation, and road sprinkling. Among these, building water dissipation increases the most when the degree of urbanization increases [48].



Figure 3b shows that drying clothes, bathing, cooking, and watering plants can contribute to evapotranspiration inside buildings and that water dissipation is distributed in multiple layers that have a vertical structure [49]. Furthermore, research has shown that building water dissipation accounted for 38.7% of the overall urban evaporation, which could be further classified as internal water dissipation (31.2%) and the evaporation of rainwater from building roofs (7.5%) [48]. Considering the evaporation caused by artificial water dissipation, the relative humidity near the ground in Beijing increased by 2–6% in summer and 12–18% in winter [36]. These findings show that artificial water dissipation plays an important role in urban climate.




2.5. Conceptual Model of the Rain Island Effect


The exchange of water and heat flux between the urban underlying surface and the atmosphere mainly depends on differences in the land temperature and humidity and the vertical exchange rate of turbulence [50]. With advancing urbanization, natural vegetation has been replaced by impervious ground [51]. Consequently, natural water dissipation has decreased and artificial water dissipation has increased on account of more artificial water intake activities. Furthermore, the urban heat island effect accelerates evaporation from the urban underlying surface, destabilizing the urban atmosphere and increasing the likelihood of convective clouds and precipitation over the city [52]. The influence mechanisms of water and heat flux between the urban underlying surface and the atmosphere on the rain island effect are summarized in a conceptual model, as shown in Figure 4.





3. Results


3.1. Spatial Distribution of Urban Precipitation


In China, dry and wet areas are classified according to their annual precipitation. The average precipitation at urban stations in each administrative region was used to represent the overall urban precipitation in the corresponding administrative region. Figure 5a shows the spatial distribution of annual average precipitation at 302 urban meteorological stations from 2010 to 2019. The average annual precipitation for the Chinese mainland was 980.8 mm, and precipitation decreased gradually from the southeastern coast to the northwest inland region. The western and northern inland areas of Xinjiang and Inner Mongolia had annual precipitation of less than 400 mm and were classified as arid and semi-arid cities. Coastal cities in central and northeast areas had annual precipitation of 400–800 mm and were classified as semi-humid, while southern cities with an annual average precipitation of 800–2000 mm were classified as humid.



Figure 5b shows the spatial distribution of annual average absolute humidity from 2010 to 2019. The annual average absolute humidity in southern and northern cities was more and less than 10 g/m3, respectively, and northwestern cities had an annual average absolute humidity less than 7 g/m3. Higher absolute humidity provided abundant water vapor for precipitation. Figure 5c shows the spatial distribution of the annual average temperature from 2010 to 2019. The annual average temperature in southeast coastal cities (17–25 °C) was significantly higher than that in western and northern cities (2.7–11 °C). Higher temperatures increase the evaporation rate; hence, the warm and humid climate in southern cities was more conducive to precipitation.




3.2. Annual Analysis of the Rain Island Effect


The average precipitation difference between urban and the surrounding suburban areas during the same period was used to represent the overall rain island intensity of each administrative region. Figure 5d shows the spatial distribution of the national annual average rain island intensity from 2010 to 2019. A rain island effect (0–31.6 mm/month) was apparent along the southeast coast and in the northwest inland region (except for Xinjiang and Qinghai). Figure 5e,f show the spatial distribution of urban and suburban absolute humidity and temperature differences from 2010 to 2019, respectively.



It was apparent that temperatures in the eastern coastal area were higher compared to those in the surrounding suburbs. This heat island effect peaked at 6.44 °C and had an evident impact on the evaporation rate. Moreover, the ambient humidity in coastal areas indicated that water vapor was sufficient, the proportion of water vapor dissipation generated by artificial water dissipation was small, and the urban wet island phenomenon was not evident (Figure 5e). Therefore, the heat island effect was dominant in coastal areas. The rain island effect in the northwest inland region was also significant. This was due to the northwest inland areas having less precipitation overall (Figure 5a), relatively dry air (Figure 5b), and a high proportion of artificial water dissipation. The urban absolute humidity was higher than that in the suburbs (0–4.79 g/m3). Coupled with the heat island effect (except Inner Mongolia, Figure 5f), the evaporation in urban areas was higher compared to that in suburban areas. Therefore, the rain island effect in northwest inland areas was jointly affected by artificial water dissipation and the heat island effect. Furthermore, the relative humidity in northwest inland cities was higher than that in the suburbs (0–15%), showing the wet island effect [45]. The relative humidity was the ratio of absolute humidity to absolute humidity of saturated humid air at the same temperature. Therefore, the role of artificial water dissipation in the northwest inland region was higher than that of the heat island effect. There was no evident pattern in absolute humidity and temperature between urban and suburban areas in the central region, which resulted in no evident rain island effect. Therefore, there are differences in the dominant factors affecting the change in water flux in different climatic zones.



The administrative regions that did not demonstrate any evident patterns were analyzed further. Figure 5d shows that precipitation in urban areas of Xinjiang was lower than that in the suburbs, and this was attributed to the large number of rivers in Xinjiang (>570). Most of the meteorological stations distributed near the region’s rivers were suburban stations, and the water vapor dissipation caused by urban artificial water dissipation was lower than that from the rivers. Precipitation in the urban areas of Qinghai Province was less than that in the suburbs because the annual average precipitation in Golmud from 2010 to 2019 was 54.7 mm, and the average annual precipitation of the other urban stations was 489.6 mm. There were only five urban stations in Qinghai, and the other 23 were suburban stations. When this outlier station was not included, the average precipitation in the urban areas was 40.8 mm/month, which was higher than the average precipitation in suburban areas (i.e., 39.7 mm/month). Qinghai Province also exhibited the rain island effect. As such, the urban precipitation data were easily affected by the extremely low precipitation in Golmud. As depicted in Figure 5f, temperatures in the urban areas of Inner Mongolia were lower than those in the suburbs, and we attribute this to the large latitudinal range of the region. Figure 1 shows that there are very few urban meteorological stations in Inner Mongolia. Furthermore, many of these urban stations are distributed in high latitudes, resulting in lower temperatures being recorded in urban areas than in the suburbs.




3.3. Seasonal Variations in the Rain Island Effect


Figure 6a–c show the summer distribution of precipitation, absolute humidity, and temperature between urban and suburban areas (2010–2019), respectively. The summer distribution of rain islands and absolute humidity are generally consistent with the annual distribution (Figure 5d,e). This is because precipitation and humidity are generally the highest during summer; hence, summer precipitation plays a decisive role in the distribution of annual precipitation. Figure 6d–f show the winter distribution of precipitation, absolute humidity, and temperature between urban and suburban areas (2010–2019), respectively. Most regions show a rain island effect of between 0 and 11 mm/month. This is because precipitation is low during winter and the effect of vegetation transpiration is small. Consequently, the contribution of urban artificial water dissipation is higher than that in summer, and the heat island effect accelerates the evaporation rate. This is consistent with the conclusion of Luo et al. [36] obtained through numerical simulations using the WRF model. Therefore, the rain island effect is more apparent in winter than in summer.



For those administrative regions without a winter rain island effect (except Jiangsu and Hainan), the winter average urban precipitation was less than 20 mm/month. Given the very low precipitation in these regions, it was difficult to accurately detect a rain island effect. There was less precipitation in the north of Jiangsu and more in the south. The two northernmost stations were both urban stations, with an average winter precipitation of 18.0 and 18.7 mm/month, respectively. Conversely, the lowest winter precipitation observed at suburban stations was 28 mm/month in Jiangsu. Therefore, the rain island effect was not evident. During winter, from 1960 to 1969, the average urban precipitation was 22.3 mm/month less than that in the suburbs of Hainan, and it was 12.5 mm/month less in 2010–2019. Hence, we conclude that the rain island effect actually increased with urbanization.




3.4. Changes in the Rain Island Effect Following Urbanization


In this section, we compare the spatial distribution of precipitation and the rain island effect for the periods of 1960–1969 and 2010–2019. Figure 7a–c show the regional differences in annual, summer, and winter precipitation from 1960 to 1969 and 2010 to 2019, respectively. Precipitation along the southeast coast and in the northwest inland region has increased during the summer months and annually following urbanization. Furthermore, Figure S1 (Supplementary Material) shows that the spatial distribution of absolute humidity and temperature changes in urban and suburban areas is consistent with that of 2010–2019. Therefore, we conclude that the reasons for the corresponding explanations are consistent. That is, the southeast coastal region had sufficient water vapor, and temperature increases associated with the urban heat island accelerated the evaporation rate following urbanization. In the northwest inland region, the combined effect of artificial water dissipation and the heat island effect enhanced the rain island effect.



In inland areas, summer precipitation increases (Figure 7b) are lower than annual precipitation increases (Figure 7a) because vegetation transpiration in summer is much higher than artificial water dissipation [40]. Owing to rapid urbanization, the water vapor lost through vegetation transpiration is higher than that generated by artificial water dissipation. Figure 7c shows that following urbanization, winter precipitation has tended to increase. Precipitation increases were the highest in Zhejiang (22.8 mm/month). During winter, vegetation transpiration is low. Furthermore, urbanization has markedly increased the intensity of urban artificial water dissipation and heat island effects, causing winter precipitation to show an increasing trend. Absolute humidity and temperature also show larger changes in winter than in summer (Supplementary Material Figure S2), indicating that precipitation was more affected by urbanization during winter.



Figure 7d–f compare the spatial distribution of the rain island effect (precipitation difference) following urbanization annually and during summer and winter, respectively. An enhanced rain island effect is apparent along the east coast and northwest inland regions. Although urban precipitation in some eastern coastal areas was still lower than that in the suburbs (Figure 5d), the difference between urban and suburban precipitation has narrowed following urbanization, indicating that the rain island effect is increasing. Figure 7d shows that enhancement of the annual rain island effect was greater along the east coast (>2 mm/month) than in the northwest inland region (<2 mm/month). Therefore, the east coast region experienced the greatest intensification of the rain island effect following urbanization. The spatial distribution of winter rain island effects (Figure 7f) is consistent with that shown in Figure S1c; that is, when the urban absolute humidity increased by less than 4% during winter, the rain island effect decreased, and when the absolute humidity increased by more than 4%, the rain island effect increased. This shows a strong influence between absolute humidity and rain island effects during winter and indicates that artificial water dissipation is one of the important water vapor sources for urban precipitation.





4. Discussion


It should be noted that although urban precipitation changes are influenced by urbanization, they are also related to periodic precipitation fluctuations caused by climate change. To eliminate the impact of climate change, we compared and analyzed the differences in the urban rain island effect between urban and suburban areas from 1960 to 1969 and 2010 to 2019 (Figure 7d), and the results were consistent with the spatial distribution of urban precipitation changes before and after urbanization (Figure 7a). The rain island intensity along the southeast coast and northwest inland region has increased following urbanization. The rain island’s intensity along the southeast coast greatly increased (>2 mm), with a maximum increase of 28.6 mm occurring in Hainan Province. Therefore, the enhanced rain island effect provides quantitative evidence to support the conclusion that urbanization factors (e.g., artificial water dissipation and heat island effects) lead to changes in urban precipitation.



To eliminate the uncertainty caused by trend changes in different periods, we calculated the national average precipitation in urban and suburban areas and the proportion of the rain island effect before and after urbanization. From 1960 to 1969, the national average precipitation in cities was 74.1 mm/month, and the average precipitation in suburbs was 74.9 mm/month. The average precipitation in cities was 1.07% (0.8 mm/month) less than that in suburbs. From 2010 to 2019, the national average precipitation in cities was 80.0 mm/month, and the average precipitation in suburbs was 78.8 mm/month. The average precipitation in cities was 1.52% (1.2 mm/month) more than that in suburbs. The intensity of rain island increased by about 2.6%. Before and after urbanization, there is little difference in the average precipitation across the country, which is comparable however, the distribution of precipitation in urban and suburban areas has changed greatly. Compared with the past, the rain island effect in the eastern coastal area has increased by 3.0% on average, and that in the northwest inland area has increased by 0.8%. The increase in the ratio indicates that the rain island intensity in the eastern coastal area and the northwest inland area has increased, and the rain island intensity in the eastern coastal area has the largest increase ratio, which is consistent with the conclusion of this study.



Zhou et al. [48] investigated urban water dissipation in Beijing using indoor and outdoor monitoring experiments and proposed an urban water dissipation calculation model. They found that urban water dissipation was higher than that in the suburbs. Furthermore, Luo et al. [45] analyzed dry/wet island effects following urbanization and found that the evaporation of artificial water dissipation increased absolute humidity in urban areas, and the arid cities in northwest China tended to be wet islands. Luo et al. [19] used the WRF model to simulate the “7.20” rainstorm in Henan Province in 2021 and found that artificial water dissipation compensated for the evaporation reduction effect caused by the reduction in natural vegetation in urbanized areas, making the air’s absolute humidity relatively stable during the process of urbanization. The increase in temperature promoted the development of convective precipitation over urban areas. Our findings are in line with the findings of Zhou et al. [48], Luo et al. [45], and Luo et al. [19].



In addition to urban artificial water dissipation and heat island effects, aerosols may be a factor influencing precipitation changes in urban areas [53,54,55]. Since our study only addresses the impact of hydrothermal factors (artificial water dissipation and heat island effects) on precipitation, the relationship between pollutants and precipitation will be the focus of future studies. Future research also should incorporate regional climate models to quantify the enhancement of precipitation intensity by urban artificial water dissipation in different climate zones, facilitating a more comprehensive evaluation with respect to the rain island effect of urbanization. This study will not only help to deepen the understanding of the temporal and spatial evolution law and mechanism of precipitation in China, but also provide a scientific basis for national mitigation strategies and policy-making to deal with climate change, thereby helping to build a livable and comfortable environment and promote the sustainable development of the city.




5. Conclusions


Based on long term observations of precipitation, water vapor pressure, and temperature from 613 meteorological stations, this study explored the spatiotemporal variability of rain island effects through a period of rapid urbanization at a national scale in China. The influence of urban artificial water dissipation and heat island effects on the intensity and spatial distribution of urban rain islands was quantitatively analyzed. The main conclusions are as follows:




	
The rain island effect (0–31.6 mm/month) was mainly distributed along the southeast coast and northwest inland regions. The heat island effect was the dominant driver of the rain island effect in coastal areas, while artificial water dissipation and the heat island effect were both found to influence the urban rain island effect in the northwest inland region.



	
The summer distribution of rain island effects and absolute humidity was generally consistent with the annual distribution because most of the region’s precipitation occurs during summer. During winter, the relative contribution of urban artificial water dissipation was higher, and the rain island effect was more pronounced.



	
Following urbanization, urban precipitation and rain island intensity increased along the southeast coast and in the northwest inland region. Intensification of the rain island effect was most apparent along the southeast coast, which was the region with the highest degree of urbanization.



	
Rain island effects were more pronounced in winter compared to those in summer. When the absolute humidity of urban areas increased by less than 4% in winter, the rain island effect was weakened. Conversely, when the absolute humidity of urban areas increased by more than 4% in winter, the rain island effect was enhanced. Artificial water dissipation is an important water vapor source for urban precipitation.
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Figure 1. Distribution of national meteorological stations. 
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Figure 2. Nighttime light data in China. 
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Figure 3. (a) Types of artificial water dissipation in urban areas and (b) types of artificial water dissipation inside buildings. 
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Figure 4. Conceptual model of how urbanization influences the rain island effect. Arrows indicate the direction of movement. 
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Figure 5. Spatial distribution of urban (a) precipitation, (b) absolute humidity, and (c) temperature (2010–2019). Comparisons of annual average (d) precipitation, (e) absolute humidity, and (f) temperature between urban and suburban areas (2010–2019). 
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Figure 6. Spatial distribution comparison of precipitation (a,d), absolute humidity (b,e), and temperature (c,f) between urban and suburban areas during summer (left column) and winter (right column; 2010–2019). 






Figure 6. Spatial distribution comparison of precipitation (a,d), absolute humidity (b,e), and temperature (c,f) between urban and suburban areas during summer (left column) and winter (right column; 2010–2019).



[image: Remotesensing 14 04159 g006]







[image: Remotesensing 14 04159 g007 550] 





Figure 7. Precipitation changes prior to (1960–1969) and following (2010–2019) urbanization for (a) the whole year, (b) summer, and (c) winter. Changes to the rain island effect for (d) the whole year, (e) summer, and (f) winter following urbanization. 
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Table 1. Number of urban and suburban stations in each provincial administrative region ranked according to the urbanization rate.
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	Province
	Urban

Stations
	Suburban

Stations
	Urbanization

Rate (%)
	Province
	Urban

Stations
	Suburban

Stations
	Urbanization

Rate (%)





	Shanghai
	1
	1
	88.67
	Shanxi
	10
	8
	54.24



	Beijing
	1
	1
	86.36
	Shaanxi
	8
	13
	53.11



	Tianjin
	1
	1
	82.16
	Jiangxi
	11
	7
	50.97



	Guangdong
	17
	9
	68.62
	Hebei
	12
	8
	50.88



	Liaoning
	13
	10
	66.37
	Hunan
	11
	11
	50.46



	Jiangsu
	8
	4
	65.83
	Qinghai
	5
	23
	50.22



	Zhejiang
	13
	5
	65.63
	Anhui
	13
	4
	49.87



	Fujian
	10
	7
	62.14
	Sichuan
	16
	28
	47.11



	Chongqing
	2
	2
	60.40
	Xinjiang
	12
	22
	47.03



	Inner Mongolia
	14
	25
	59.78
	Guangxi
	12
	7
	46.26



	Heilongjiang
	20
	12
	58.28
	Henan
	10
	5
	46.13



	Shandong
	20
	9
	56.19
	Yunnan
	11
	16
	42.55



	Hubei
	9
	8
	56.12
	Gansu
	9
	16
	42.48



	Jilin
	15
	12
	55.31
	Guizhou
	7
	10
	41.25



	Hainan
	4
	1
	54.76
	Tibet
	3
	20
	27.04



	Ningxia
	4
	6
	54.33
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