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Abstract

:

Urban parks have been proven to cool the surrounding environment, and can thus mitigate the urban heat island to an extent by forming a park cooling island. However, a comprehensive understanding of the mechanism of park cooling islands is still required. Therefore, we studied 32 urban parks in Jinan, China and proposed absolute and relative indicators to depict the detailed features of the park cooling island. High-spatial-resolution GF-2 images were used to obtain the land cover of parks, and Landsat 8 TIR images were used to examine the thermal environment by applying buffer analysis. Linear statistical models were developed to explore the relationships between park characteristics and the park cooling island. The results showed that the average land surface temperature (LST) of urban parks was approximately 3.6 °C lower than that of the study area, with the largest temperature difference of 7.84 °C occurring during summer daytime, while the average park cooling area was approximately 120.68 ha. The park cooling island could be classified into four categories—regular, declined, increased, and others—based on the changing features of the surrounding LSTs. Park area (PA), park perimeter (PP), water area proportion (WAP), and park shape index (PSI) were significantly negatively correlated with the park LST. We also found that WAP, PP, and greenness (characterized by the normalized difference vegetation index (NDVI)) were three important factors that determined the park cooling island. However, the relationship between PA and the park cooling island was complex, as the results indicated that only parks larger than a threshold size (20 ha in our study) would provide a larger cooling effect with the increase in park size. In this case, increasing the NDVI of the parks by planting more vegetation would be a more sustainable and effective solution to form a stronger park cooling island.
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1. Introduction


The world is currently experiencing rapid urbanization and industrialization, which has led to dramatic changes in the land use, land cover, and local climatic conditions, thereby exacerbating urban heat island (UHI) effects [1,2,3,4]. The negative effects from UHIs have significantly increased the energy consumption for cooling, physical discomfort, and even death [5,6,7]. It is projected that 60% of the world’s population will live in cities by 2030, and making cities inclusive, safe, resilient, and sustainable is one of the 17 goals proposed by the United Nations to transform our world [8]. In recent years, studies on alleviating the UHI effect have become more popular than its spatial–temporal monitoring [9,10,11,12]. Urban parks, which usually have a combination of blue and green spaces, are among the most important determinants of mitigating UHI effects [13,14,15,16]. Therefore, enhancing the understanding of the cooling effect provided by parks and the drivers of its variations will help in developing policies to mitigate UHI and designing future parks.



Urban parks have been proven to considerably mitigate the UHI because of shading and evaporation effects [17,18,19]. The land surface temperature (LST) of shaded areas is 19 °C lower than that of unshaded areas [17]. Additionally, urban parks cool their surroundings through energy exchange [20]. Several previous studies showed that the average LST of internal urban parks was 1–2 °C, and sometimes 4–8 °C lower than the surroundings, thereby generating a “cooling island” [19,20,21,22,23]. A stronger “cooling island” affects a larger area and provides more outdoor thermal comfort for residents. Consequently, assessing the park cooling island is the most fundamental and important aspect of our study.



One basic question that needs to be solved in relevant studies is the definition of “park cooling island”, or the comprehensive depiction of the cooling effect. Park cooling intensity (PCI) is a commonly used indicator to characterize “cooling islands” [18,23]. In Cao’s study, the PCI was defined as the LST difference between the inside and outside of parks, and the LST outside the park was manually set as the average LST of a 500-m buffer [24]. However, the 500-m buffer may not be applicable to other parks in different study areas. Additionally, other scholars introduced the park cooling distance (PCD) to measure the park cooling island, which is defined as the spatial extent up to which the park could have a significant influence [18,22]. PCD is usually identified using buffer analysis [21]. For instance, the PCD was defined as the distance from the park boundary to the buffer whose LST difference was less than 0.1 °C [25]. The concept of “first turning point” of the LST curve proposed in Peng’s study was used to define the largest cooling distance (or PCD), which was the distance between the park boundary and the first turning point [22]. These two indicators can be treated as absolute features of the park cooling island, such as the absolute temperature difference and the absolute cooling area. However, the surrounding thermal environment of a park changes continuously, and the same PCI might occur at different distances. Additionally, the parks that have the same values of park cooling area (PCA; or the same cooling effect) might have different sizes, and the differences between such parks cannot be measured by simply using absolute indicators. Therefore, relative indicators of the park cooling island—such as the changes in surrounding LST per meter or the cooling effect per unit area of the park—should be considered in assessing the park cooling island from the perspective of spatial accumulation [22].



Park characteristics are vital for urban planning and urban climate studies. Numerous studies have explored the relationship between urban characteristics and urban park cooling islands, and the results showed that the park cooling effect could be affected by the park’s size, shape, type, greenness, and other factors [25,26,27]. However, the park cooling island was mainly characterized by a single indicator of PCI, and the effect of urban park features on the relative indicators of the cooling island is still uncertain. Additionally, the effect of the land use/land cover, especially regarding the configuration of park components, was not fully assessed. A review paper also showed that most studies on cooling effects are subject to a single park, and only few have explored the cooling effects of parks on the surrounding environment [28]. These limitations might be attributed to the high cost of such studies. Fortunately, obtaining detailed characteristics of urban parks is facilitated by the development of high-spatial-resolution remote sensing or LiDAR [29,30]. For instance, even an individual tree can be identified using high-resolution images. The thermal infrared remote sensing image can be used to retrieve the LST for each pixel [31,32]; this helps in analyzing the surrounding thermal environment of a park, which is more convenient than in situ air temperature measurements [33,34,35]. The explanation of the LST and air temperature differences remains rooted, and these are only likely to be predicted by fully coupled surface–atmosphere models [4]. Skin temperature was poorly correlated with both air temperature and apparent temperature [36]. However, several studies showed that the relationship between traditional air temperature and LST is statistically significant [37,38]. Therefore, using remote sensing images to conduct park cooling island studies can obtain robust results.



Considering the insufficiencies mentioned above, and to provide implications for the studies of urban park cooling islands, we selected the case of Jinan city, China to: (1) map the detailed characteristics of urban parks, including their composition and configuration features; (2) analyze the features of the park cooling island by comprehensively proposing and using absolute and relative indicators; and (3) identify the most important urban park characteristics that determine the variations of the urban park cooling island.




2. Data and Methodology


2.1. Study Area and Data Sources


Jinan, the capital of Shandong province, which is in the eastern part of China, serves as the political, economic, cultural, educational, and financial center of the region, and is located to the north of Mount Tai. Jinan is famous for its 72 springs, and is known as the “City of Springs”. Jinan has a warm, temperate, continental monsoon climate zone, with four distinct seasons and sufficient sunshine. According to statistics from the Jinan government, the annual average air temperature of Jinan is 14.2 °C. January is the coldest month, with an average air temperature of 0.2 °C, and the highest temperature was observed in July, with an average air temperature of 28.3 °C. The annual average precipitation is 548.7 mm. By the end of 2019, there were 8.91 million permanent residents in the city. The green coverage rate of the built-up area is 40.7%, and the per capita park green area is only 13.1 m2 based on the statistics from Bureau of Forestry and Landscaping of Jinan. Consequently, building and managing urban parks to maximize their ecosystem services—such as climate regulation and thermal environment improvement—has become an urgent problem. The core of Jinan city was selected as the study area, with a size of 295.49 km2 (Figure 1). There are several mountains in the south of Jinan, and to avoid their effects on the local thermal environment and park cooling islands, we selected 32 urban parks that were not adjacent to them (Figure 1).



High-spatial-resolution GF-2 images (1 × 1 m) acquired on 4 October 2018, from the Resource and Environmental Science and Data Center, Chinese Academy of Sciences (https://www.resdc.cn/), were used to manually obtain the detailed vector information of urban parks. Three cloud-free Landsat 8 images acquired at about 10:47 a.m. local time for the study area (path 122, row 35, acquired on 17 June 2017-LC81220352017168LGN00, 20 June 2018-LC81220352018171LGN00, and 7 June 2019-LC81220352019158LGN00) were utilized to retrieve the LST, and were obtained from the geospatial data cloud (http://www.gscloud.cn/). Using only one Landsat image may yield an uncertain LST map, as it is subject to the time of satellite overpass. Consequently, the LSTs retrieved from Landsat 8 images acquired over multiple years were averaged to obtain robust results (mean LST) regarding the climate. Data pre-processing (radiometric correction and atmospheric correction) was conducted on the GF-2 and Landsat 8 OLI images prior to the interpretation and LST retrievals.




2.2. Characterizing Urban Parks


The GF-2 images with high spatial resolution facilitated the procurement of detailed information inside a park in this study. Based on the local environment and our prior knowledge, six land cover types (water, trees, shrubs and grass, impervious surfaces, buildings, and bare soil) were extracted by visual interpretation based on image features (e.g., color, size, texture, spatial relationship, etc.). An example of the resulting urban park vector is shown in Figure 2.



In this research, six widely used landscape metrics and the normalized difference vegetation index (NDVI) (Table 1) were employed to measure the urban park features based on previous studies [21,22], and were classified into two categories: park composition, and park configuration. The composition metrics include the percentage of landscape (PLAND), park area (PA), park perimeter (PP), and the average NDVI of the park (PNDVI). PLAND comprises the water area proportion (WAP), tree area proportion (TAP), shrub and grass area proportion (SGAP), impervious surface area proportion (ISAP), building area proportion (BAP), bare soil area proportion (BSAP), and tree and water area proportion (TWAP). The configurations comprise the park patch density (PPD), park edge density (PED), and park shape index (PSI). These metrics were selected based on previous studies and the following principles: (1) easy calculation and understanding; (2) important in both theory and practice; and (3) comprehensive depiction of urban parks [21,39].




2.3. LST Retrieval


The LST was retrieved from Landsat 8 TIRS images. First, the digital number (DN) of band 10 (10.60–11.19 um) was converted into the radiation intensity value using Equation (1) [40]:


  Radiance =  M L  ×  Q  c a l   +  A L   



(1)




where Radiance is the spectral radiance,    M L   = the radiance multiplicative scaling factor for band 10,    A L     = the radiance additive scaling factor for band 10, and    Q  c a l     = the level 1 pixel value in DN. All scaling factors can be obtained from the header file.



Subsequently, TIRS data can also be converted from radiance to brightness temperature, which is the effective temperature viewed by the satellite under an assumed emissivity of unity. The conversion formula is as follows:


  T =  K 2  / ln      K 1    R a d i a n c e   + 1    



(2)




where T is the top of the atmospheric brightness temperature (Kelvin), and    K 2    and    K 1     are conversion constants from the metadata.



Finally, LST can be calculated using Equation (3):


  LST = T / ( 1 +   λ T / α   ln ε )  



(3)




where λ is the wavelength of band 10 (=10.9 µm), α = 1.43 × 10−2 mK, and ε is the land surface emissivity, which is a crucial variable in the LST retrieval [41]. The calculated LST value (Kelvin) is then converted to °C [31].



In this study, land surfaces’ emissivity was estimated using the NDVI threshold method. NDVI can be calculated using the following equation:


   N D V I  =   O L I 5 − O L I 4   O L I 5 + O L I 4    



(4)




where   O L I 5   and   O L I 4   represent the atmospherically corrected surface reflectance of bands 5 and 4 for Landsat 8. The land surface emissivity can then be obtained from different NDVI values [42]. If NDVI was greater than 0.5, the land surface emissivity was 0.99, whereas if it was smaller than 0.2, the land surface emissivity was 0.97. In other cases:


  ε = 0.986 + 0.004 ×  F v   



(5)




where    F v     is the vegetation proportion, which can be obtained according to Equation (6):


   F v  =       N D V I − N D V  I  m i n     N D V  I  m a x   − N D V  I  m i n        2   



(6)




where   N D V  I  m i n      = 0.2 and   N D V  I  m a x      = 0.5.




2.4. Characterizing Park Cooling Island


Urban parks are known to cool their surroundings; however, the cooling effect could decrease with distance from the boundary of the park, and disappear after a certain distance [43]. In previous studies, the urban park cooling island included the following aspects: park cooling intensity (PCI), park cooling distance (PCD), temperature gradient of park cooling gradient (TPCI), park cooling area (PCA), and park cooling efficiency (PCE) [24,25,27,43,44]. In this study, the urban park cooling island was divided into four aspects, as presented in Table 2.



As shown in Figure 3a, the surrounding LST increased with increasing distance from the park boundary. Subsequently, the LST curve reached the first turning point, after which the LST changed slightly and even decreased. To characterize the park cooling island, multiple buffer rings (11 in total) with intervals of 90 m at a distance of 990 m from the park boundary were created. Considering that the spatial resolution of the resampled Landsat TIRS is 30 m, the buffer interval was set to 90 m to yield robust results for the LST of each buffer. We assumed that the thermal environment of the latter buffer was not influenced by the urban park if the LST difference between two adjacent buffers was lower than 0.1 °C [21]. Moreover, the distance from the park boundary to the former buffer was defined as the PCD (Figure 3b). The average LST of the buffer with the PCD is treated as the LST of the first turning point, and the area of the buffer is considered to be the PCA. Therefore, the temperature difference between the park and the buffer is the PCI. Consequently, the PCE and PCG can be calculated using the PCA and PCI values.




2.5. Statistical Analysis


First, Pearson’s correlation analysis was applied to assess the relationship between the park LST, four aspects of the park cooling island, and its characteristics, in order to examine the landscape metric, showing a significant relationship with the park cooling island. Subsequently, the ordinary least squares linear regression model was used to explore the influence of a single urban park feature on the park cooling island. The four aspects of the park cooling island were the dependent variables, and park features comprised the independent variables. Finally, the different effects of these landscape metrics on the park cooling island were tested using a multiple linear regression model. All statistical analyses were conducted using SPSS software.





3. Results


3.1. Mapping the Characteristics of Urban Parks


A total of 32 urban parks were included in this study. The proportion of land cover types varied among these parks, as shown in Figure 4a. The size of these parks ranged from 2.89 to 107.32 ha, with an average area of 20.81 ha. It can be seen that trees are the most important components of almost every park. Nearly 75% of the parks had a water area. Shrub and grass, together with bare soil, covered a small area in these parks. The configuration landscape metrics and NDVI for each park are shown in Figure 4b. For example, the PSI of these parks ranged from 0.97 to 2.02, with a mean of 1.34, indicating that the shape of parks varied greatly. More detailed statistics of the urban park features are presented in Table 3.




3.2. Characteristics of the Urban Park Cooling Island


The spatial patterns of the average LST are shown in Figure 5a. High LSTs were distributed in the central and eastern parts of the city, where dense buildings and industrial districts exist. Most of the low-LST regions were located in the southern part of the city, with several mountains providing good vegetation coverage as well as a cooling effect. Additionally, the Yellow River in the north generated a “blue cold belt”. The highest, lowest, and mean LST in Jinan city were 48.84, 22.55, and 38.46 °C, respectively. Typically, the LST of urban parks in Jinan city is lower than that of the surrounding areas. The average LST of all 32 parks was 34.86 °C; this was 3.60 °C lower than the average LST of the entire study area, indicating that they provide a cooling effect. Daming Lake Park is a famous scenic area in Jinan city, attracting thousands of residents and tourists each day to enjoy the water and classic garden (Figure 5b1). This area was selected to further illustrate the distribution of the thermal environment. The most important land cover types were water and trees, with area ratios of 48.16 and 36.97%, respectively. This generated a very low-temperature zone inside the park compared to the surrounding areas. As the distance increased from the park boundary (green circle), the color gradually changed from yellow to red, indicating an increase in the LST.



To further compare the different LST and PCI scores among these parks, the average internal LST, corresponding PCI (LST difference between the first turning point and park LST), and largest PCI (defined as the LST difference between the highest LST of all the buffers and park LST) are shown in Figure 6. It can be seen that the average LST in parks varied greatly. For example, park 20 had the lowest internal LST (31.72 °C) and the strongest PCI (7.84 °C), while park 31 had the highest LST (37.42 °C). The largest LST difference among these parks was 5.7 °C. However, the PCI of park 31 (1.46 °C) was larger than that of park 13, whose PCI (0.85 °C) was the weakest. Therefore, the high internal LST of the park did not imply a low PCI, and the PCI was also influenced by its surrounding features. Additionally, the average PCA, PCE, and PCG of these parks were 120.68 ha, 0.71, and 35.45, respectively. The largest PCA, PCE, and PCG were 319.20 ha (park 20), 1.31 (park 20), and 135.28 (park 8), respectively.



In this study, a distance of 990 m with 11 buffers (90 m intervals) was established to explore the four aspects of the park cooling island based on the changes in the LST of each buffer. The urban parks were classified into four categories according to the characteristics of the surrounding LST curves: regular parks, declined parks, increased parks, and other parks. As shown in Figure 7a, most parks were regular ones, whose surrounding LST had the following features: a gradual increase in LST with distance from the park boundary, and subsequently reaching the first turning point, after which the LST varied slightly. Seven parks belonged to the second category: declined parks whose surrounding LSTs increased sharply at the beginning and had an obvious decreasing trend after the first turning point. The largest LST difference between the first turning point and the later buffers could reach up to 0.99 °C (park 19), and this value was 0.31 °C for regular parks. For increased parks (Figure 7c), the surrounding LSTs increased from the park boundary to the end of the buffer width and, notably, no decrease in the LSTs was observed. There were also two parks whose surrounding LSTs had no changing features, and these were treated as other parks. In particular, the LST increased sharply from 360 to 630 m for park 8. Moreover, there were several commercial districts with very high LSTs in the buffers, leading to this unusual phenomenon.




3.3. The Effects of Landscape Metrics on the Park Cooling Island


3.3.1. The Relationship between Urban Park Features and LST


Pearson’s correlation analysis was applied to explore the relationships between urban park features and their internal and surrounding LSTs. Only those results of the coefficients that are significant are presented in Table 4. Notably, the internal LST of the parks had negative relationships with PA, PP, and WAP, indicating that large areas and more water bodies could generate a low LST for the parks. The PSI was positively correlated with the park LST. Regarding the relationship between park features and surrounding LSTs, the results showed that the PA had significant positive correlations with the LSTs of all of the buffers. The coefficients gradually decreased from 90 m (R = 0.73) to 450 m (R = 0.56); they subsequently became stronger from 450 to 990 m (R = 0.68). The relationships between PP and surrounding LSTs were not significant from 270 to 540 m, and their positive correlations were weaker compared to those between PA and LSTs. Similarly to PA, WAP had a positive relationship with the LST of all buffers. BAP had negative relationships with the LSTs of buffers between 180 and 450 m, and their correlations were not significant among other buffers.



Based on the results, PA and WAP were seemingly the two most important factors that could affect the park and buffer LSTs. However, the effects of PA and WAP on the park LST were negative, but positive for buffer LSTs. Notably, the park was removed from all buffers, and the LST of buffers did not include park LST.




3.3.2. The Relationship between the Park Features and Park Cooling Island


Based on the results of Section 3.3.1, it can be inferred that large PA and WAP would generate low park LST and high buffer LST. Consequently, this may lead to a strong PCI. Therefore, Pearson’s correlation analysis was initially employed to study the relationships between urban park features and four aspects of park cooling islands. The results of the coefficients are presented in Table 5. PA had positive effects on the PCI (R = 0.58), PCA (R = 0.73), and PCG (R = −0.45), but had negative effects on PCE. The relationship between PP, PCI, and PCG was not significant, and a large PP could lead to a low PCE. In this study, the effect of TAP on PCI was not significant, and differed from other studies wherein trees could improve the park cooling effect. Consistent with expectations, the WAP was positively correlated with the PCI, PCA, and PCG, indicating that more water would produce a better cooling effect.



To further assess the effects of the two most important factors (PA and WAP) on the park cooling island, simple linear regression models were built for the PA, WAP, and PCI, PCA, PCG, and PCE, respectively. The original result of the linear regression model built for PA and PCI using all of the park samples was not satisfactory, as the adjusted R2 was smaller than 0.30. After exploring the scatter diagram between PCI and PA, a PA threshold (20 ha) was found to divide the parks into two categories. If the PA was smaller than 20 ha (blue points in Figure 8a), the relationship between the PA and PCI was not significant. In this case, the PA had little influence on the PCI. However, if the PA was larger than 20 ha, it had a very strong positive relationship with the PCI. The PCI would increase by 0.7 °C if the PA was 10 ha larger. The threshold of 20 ha for PA was also practical for studying its relationship with the PCA and PCG. Similarly, parks with areas larger than 20 ha had significant positive effects on the PCA and PCG. Regarding the effects of PA on PCE, the latter decreased sharply when PA was smaller than 20 ha, but this rate of decrease was much lower if the PA was larger than 20 ha.



The relationships between WAP and the park cooling island are shown in Figure 9. Typically, water has a strong cooling effect owing to its large specific heat capacity. Consequently, more water in the park would generate an obvious cooling island. In this study, the PCI would increase by 0.89 °C if there were a 10% increase in the WAP. If the PA was larger than 20 ha, the WAP was positively correlated with the PCA. However, the effects of WAP on PCA were not significant if the PA was less than 20 ha. Compared to the PCI and PCA, the relationships between WAP and PCG were much weaker. Our results also showed that no obvious statistical relationships existed between the WAP and PCE. The PCE measures the cooling ability produced per unit area of the park and, thus, WAP was not the dominant factor.






4. Discussion


4.1. Characterizing the Urban Park Cooling Island


This study demonstrated a park cooling island in Jinan, China. The primary question that needs to be resolved involves understanding the entirety of the park cooling island. In this study, the characteristics of the park cooling island were divided into four aspects—PCI, PCA, PCG, and PCE—based on previous studies and our research [21,22]. PCI and PCA are absolute indicators that reflect the cooling effect of the park as a whole; PCI measures the temperature differences between the park and its surroundings, and the PCA is the largest area whose thermal environment can influence the park. In previous studies, the PCE was used to measure the cooling island [21,27]. However, this is similar to the largest cooling distance in our study, which is a one-dimensional distance. A large and small park may have the same PCE, but the area influenced by the two parks could vary greatly. Consequently, PCA was used instead of PCE in this study. PCG and PCE are different indicators of a park cooling island that measure the relative cooling effect or cooling ability per unit of distance or area. For example, a park with a large area might have a large PCI or PCA but a small PCG or PCE. In our opinion, the four aspects could characterize the park cooling island in a relatively comprehensive manner.



Upon clarifying the ontology of the urban park cooling island, the next question is the method of measuring the park cooling island. In this study, popular Landsat 8 remote sensing images were used to retrieve the LST to characterize the thermal environment. Buffer analysis has proven to be applicable for studying thermal environments [45,46]. However, the different choices of width and interval of buffers could affect and add more uncertainty to the results. Many previous studies used 10–20 buffers, each 30 or 60 m wide [22,27]. As the original spatial resolution of Landsat 8 TIRS was 100 m and resampled to 30 m, 11 buffers with intervals of 90 m were established to identify the cooling distance of the park and determine the PCI and PCA in our study. The total width of these buffers was 990 m, which is larger than that in many previous studies [21,22]. This was because some parks in our cases had a maximum cooling distance of 630 m, and a buffer width of 300 or 450 m could not facilitate the identification of the PCA. Therefore, the methodology used in this study to measure the park cooling islands could provide insights or references for other relevant studies in the future.




4.2. The Effects of Landscape Metrics on the Park LST and Park Cooling Island


During the daytime in summer, our results showed that the park size and WAP had significant negative relationships with the park LSTs. The results were consistent with those of other studies that utilized remote sensing to assess the park cooling island [14,23]. The PSI measures the shape complexity of a park. Our results showed that the coefficient between PSI and park LST was −0.39, indicating that parks with irregular shapes could have lower LSTs, which was in accordance with earlier studies. Other landscapes—such as the PED, PPD, and BAP—had little effect on the park LST. However, other studies showed that the PPD was positively correlated with the park LST, which was not found in this study [21]. This might be attributable to the differences in the studied parks and different climate backgrounds.



The characteristics of the park cooling island are as follows: the average, maximum, and minimum PCIs of the 32 urban parks were 3.60, 7.84, and 0.85 °C, respectively, which is consistent with previous studies [47,48]. Peng’s study showed that the average LST difference between the inside and surrounding of parks was 3.06 °C [22]. Additionally, the average PCA in our study was 120.68 ha, which was much larger than that in Peng’s study (81.3 ha). This might be ascribed to the difference in the buffer interval (30 m in Peng’s study and 90 m in ours). As we proposed a new definition of PCE owing to the limited current literature, it was difficult to compare the PCE to previous studies.



Among the many landscape metrics and features of a park, the dominant factors that determine the park cooling island were further evaluated. Multivariate linear regression models were constructed for this purpose to explore the relative contributions of the variables to the park cooling island. In these models, landscape metrics were independent variables, while PCI, PCA, PCG, and PCE were the dependent variables. The proportion of water was the most important factor in the PCI (Table 5 and Table 6), which is consistent with previous studies [11,49,50,51]. Water helps to reduce LST owing to its large specific heat capacity and the enhanced heat exchange occurring between water and the surrounding environment [52]. Waterbodies are important components of urban parks. However, owing to the accessibility of water resources, increasing the water area in the park to enhance the PCI is unsustainable. The size of the park is another important determining factor in the PCI (Table 5 and Figure 8) [24]. PA had a positive relationship with the PCI, and similar results were also obtained in previous studies [24]. In particular, a large park would produce a strong cooling effect. However, the relationship between the PA and PCI is not a simple linear relationship. Our results showed that almost no correlation existed between the PA and PCI for small parks, with only larger parks leading to stronger PCI for parks larger than a threshold of 20 ha. Similar correlations were also observed between the green space and LST in previous studies [53,54]. The NDVI was the third most important urban feature significantly affecting PCI in our study. The NDVI represents the greenness of the park, and a high NDVI indicates more vegetation [55,56]. Vegetation can reduce the LST through shadows and evapotranspiration, which has been proven by many studies [30,57,58,59]. Consequently, if the PA was smaller than the threshold, increasing the NDVI of parks by adding more vegetation would provide a stronger cooling effect [54]. However, the tree area proportion was not included in the regression model presented in Table 6. One possible reason for this was that in our case, almost all of the parks had relatively high TAP values, and the differences between them were not obvious, thereby not making it a determining factor. This does not imply that trees are not important in urban park planning [28,60]. The PA and WAP also had positive effects on the PCA. Moreover, the effects of the independent variables on the PCG and PCE were not significant, except that the PP had an obvious negative effect on the PCE (Table 6).



Based on our findings, the WAP, PA, and NDVI (greenness) of the park are the three dominant factors that determine the PCI. They deserve more attention in future urban park designs from the perspective of regulating the thermal environment.




4.3. Limitations and Future Research Directions


Our study had several limitations. First, the detailed features of the urban parks were extracted from high-resolution GF-2 images (1 m). However, the inside and surrounding LSTs of parks were of relatively low resolution because of the performance of Landsat 8 TIRS. Simultaneously, the LST data only represent the thermal environment when the satellite transits late in the morning. Temperature is an environmental variable that changes daily. Therefore, finer spatial and temporal resolution LST data acquired by unmanned aerial vehicles equipped with high-performance thermal cameras are expected in future studies. Using both LST and air temperature in the perspective of surface energy balance may generate more comprehensive and robust results to obtain a better understanding of the thermal regime of urban parks [20,61,62]. Second, the number of parks studied was limited, and studying more parks or changing the studied city may yield different results. Third, due to the limited availability of data, the effects of socio-economic factors on park cooling islands were not explored. Future studies can obtain more robust results by applying big data such as the point of interest (POI).





5. Conclusions


To enhance the understanding of the detailed characteristics of the urban park cooling island and the driving mechanisms of its variations, high-spatial-resolution remote sensing images (GF-2) were used to extract the detailed land cover types of urban parks, and landscape metrics were employed to depict the park features. Buffer analysis was conducted to analyze the four aspects of the park cooling island: PCI, PCA, PCG, and PCE. Statistical models were constructed to explore the effects of driving factors on the park cooling island. We found that the average LST of urban parks was approximately 3.60 °C lower than that of the surrounding environment, indicating that parks can provide significant cooling effects. Based on the changing features of surrounding LSTs, the park cooling island could be classified into four categories: regular, increased, decreased, and other parks. Additionally, our results showed that the PA, WAP, and NDVI were the three most important factors that positively affected the park cooling intensity. Theoretically, increasing the waterbody area is the most effective way to enhance the cooling effects of urban parks. However, this might not be a sustainable solution because of the limited water resources, and adding more vegetation to increase the NDVI could prove more feasible. Unfortunately, there was no significant relationship between the PA and PCI if the area was smaller than a threshold of 20 ha in our study. The findings of our study provide valuable insights for the planning and design of urban parks.
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Figure 1. Location of study area: (a) Shandong province, China; (b) Jinan city in Shandong; (c) study parks in Jinan. 
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Figure 2. (a) GF-2 image (true color) of an urban park. (b) Land-cover map of an urban park. 
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Figure 3. (a) Illustration of the LST variations. (b) Illustration of the buffer established in this study. 
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Figure 4. (a) The proportion of land cover and (b) landscape metrics for each park, respectively. 
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Figure 5. (a) The distribution of the average LST, (b1) the GF-2 image of Daming Lake Park, (b2) the land cover of Daming Lake Park, and (b3) the LST of Daming Lake Park and its surroundings. 
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Figure 6. The internal LST of 32 urban parks and their PCIs. 
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Figure 7. Variation of surrounding LSTs from the urban park boundary: (a) regular parks, (b) decreased parks, (c) increased parks, and (d) other parks. 
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Figure 8. Linear regression models of the PA and (a) PCI, (b) PCA, (c) PCG, and (d) PCE. 
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Figure 9. Linear regression models of the WAP and (a) PCI, (b) PCA, (c) PCG, and (d) PCE. 
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Table 1. Landscape metrics selected in this study.
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	Metrics and Abbreviation
	Calculation
	Description





	Composition
	
	



	Percentage of landscape, PLAND
	PLAND = Ai/PA; Ai = area of land cover i;
	Measures the area proportion of each type of land cover in the park



	Park area, PA
	PA = area of park
	Measures the area of the park



	Park perimeter, PP
	PP = perimeter of park
	Measures the perimeter of the park



	the average NDVI of park, PNDVI
	PNDVI = NDVI of park
	Measures the NDVI of the park



	Configuration
	
	



	Park patch density, PPD
	PPD = n/A × 10,000, n = the number of patches in a park
	Measures the patch density of the park



	Park edge density, PED
	  P E D =   ∑   i = 1  m  E i / A × 10,000  , Ei = perimeter of patch i.
	Measures the shape complexity of the park



	Park shape index, PSI
	PSI = 0.25 × PP/    P A    
	Measures the ratio of park perimeter to area
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Table 2. Four aspects of the park cooling island in this study.
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	Park Cooling Island
	Abbreviation
	Description





	Absolute perspective
	
	



	Park cooling intensity
	PCI
	PCI = DLST − Park LST, where DLST is the LST of the first turning point. PCI measure the temperature different between park LST and surroundings.



	Park cooling area
	PCA
	The largest area in which the urban park could have influence on the thermal environment.



	Relative perspective
	
	



	Park cooling efficiency
	PCE
	PCE = (PCI × PCA)/PA, which measures the cooling effect produced by the unit area of a park.



	Park cooling gradient
	PCG
	PCG = PCI/PCD, where PCD is the park cooling distance; PCG measures the rate of temperature increase with distance.
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Table 3. The statistics of urban park characteristics.
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	Statistics.
	PA (ha)
	PP (km)
	WAP
	TAP
	SGAP
	ISAP
	BAP
	BSAP
	TWAP
	NDVI
	PPD
	PED
	PSI





	Max
	107.32
	4.45
	0.48
	0.96
	0.31
	0.30
	0.22
	0.12
	1
	0.57
	0.58
	1.73
	2.02



	Min
	2.89
	0.79
	0
	0.37
	0
	0
	0
	0
	0.45
	0.26
	0.06
	0.51
	0.97



	Ave
	20.81
	2.12
	0.07
	0.71
	0.05
	0.10
	0.05
	0.01
	0.79
	0.43
	0.21
	0.89
	1.34
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Table 4. The correlation coefficients for urban park features and LST.
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	Characteristics.
	Park LST
	90 m
	180 m
	270 m
	360 m
	450 m
	540 m
	630 m
	720 m
	810 m
	900 m
	990 m





	PA
	−0.73 **
	0.73 **
	0.62 **
	0.59 **
	0.58 **
	0.56 **
	0.58 **
	0.60 **
	0.64 **
	0.67 **
	0.67 **
	0.68 **



	PP
	−0.49 **
	0.48 **
	0.37 *
	--
	--
	--
	--
	0.35 *
	0.39 *
	0.42 *
	0.42 *
	0.44 *



	WAP
	−0.47 **
	0.61 **
	0.62 **
	0.61 **
	0.63 **
	0.67 **
	0.66 **
	0.65 **
	0.62 **
	0.59 **
	0.59 **
	0.59 **



	BAP
	--
	--
	−0.37 *
	−0.37 *
	−0.38 *
	−0.36 *
	--
	--
	--
	--
	--
	--



	PSI
	−0.39 **
	--
	--
	--
	--
	--
	--
	--
	--
	--
	--
	--







** Significance at the 0.01 level; * significance at the 0.05 level; -- not significant.
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Table 5. The correlation coefficients for urban park features and the park cooling island.
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	Characteristics.
	PCI
	PCA
	PCG
	PCE





	PA
	0.58 **
	0.73 **
	0.46 **
	−0.45 *



	PP
	0.26
	0.45 *
	0.32
	−0.61 **



	TAP
	−0.06
	−0.43 *
	−0.09
	0.07



	WAP
	0.79 **
	0.41 *
	0.55 **
	0.26



	BAP
	−0.41
	−0.14
	−0.33
	−0.37 *



	NDVI
	0.46 **
	0.23
	0.39 **
	0.06







** Significance at the 0.01 level; * significance at the 0.05 level.
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Table 6. Regression results of landscape metrics, NDVI, and PCI, PCA, PCG, and PCE. R2 represents the proportions of the park cooling island variations that can be explained by the model. Colors represent the relative contribution of each metric to variations in the park cooling island. Red and blue represent positive and negative effects, respectively.
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Characteristics.

	
PCI

	
PCA

	
PCG

	
PCE






	
PA

	
0.61

	
0.74

	
0.02

	
−0.18




	
PP

	
−0.20

	
−0.43

	
0.28

	
−0.65




	
SGAP

	
−0.098

	
−0.10

	
0.01

	
−0.16




	
WAP

	
0.97

	
0.56

	
0.48

	
0.59




	
BAP

	
0.12

	
0.30

	
−0.11

	
−0.12




	
ISAP

	
0.17

	
0.40

	
−0.29

	
0.32




	
BSAP

	
0.07

	
0.28

	
−0.26

	
0.11




	
PSI

	
0.30

	
0.02

	
−0.21

	
−0.02




	
PPD

	
−0.24

	
−0.32

	
0.10

	
−0.15




	
NDVI

	
0.53

	
0.29

	
0.23

	
0.10




	
R2

	
0.78

	
0.63

	
0.56

	
0.68




	
Adjusted R2

	
0.68

	
0.45

	
0.35

	
0.53
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