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Abstract

:

The urban heat island (UHI) effect will persist for a long time and influence human health, energy consumption, and future urban planning. Understanding the cooling effect of water bodies and green spaces can help alleviate the frequency of extreme climate, especially during torridity seasons. In this study, correlation and regression analysis were used to measure the relationship between land surface temperature (LST) or cooling indicators and landscape factors. In addition, the cooling intensity, distance, and threshold value of efficiency (TVoE) of water bodies and green spaces were detected. The results confirmed that: first, the cooling effect of water bodies were stronger than that of vegetation in most cases and more water bodies’ layout in the region was advocated; second, increasing vegetation coverage within 27% of the region can effectively and economically alleviate the thermal environment; and third, the green samples with an area of 0.57 ha and a high vegetation index had a higher cost performance ratio. The results provided quantitative guidance for urban public service spatial planning of water bodies and green spaces to prevent the continuous increase of urban background temperature.
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1. Introduction


As claimed in the Emissions Gap Report 2021 released by the United Nations Environment Programme (UNEP), the new and updated climate pledges submitted by countries fall far short of The Paris agreement’s temperature targets, which could result in an increase of 2.7 °C in the world’s average temperature by the end of the century [1]. In general, urban tends to have higher temperature than the surrounding countryside, which forms a condition similar to high-temperature islands. This phenomenon is defined as the urban heat island (UHI) effect [2]. The main reasons for the UHI effect can be divided into the following four categories: the increase of urban impervious surface, the decrease of natural underlying surface (green spaces, water bodies and croplands) and increasing overall heat emission; the anthropogenic heat emission increases significantly as the urban population gathers; the monolithic buildings in cities hinder airflow, reduce urban wind speed and aggravate UHI phenomenon; the increasing frequency and intensity of extreme weather events further aggravate the UHI effect [3,4,5]. Increasing urban temperature caused by the UHI effect will have an impact on ecology and the environment [6,7,8]. In terms of energy consumption, cooling buildings could consume an additional 8.5% of electricity for every degree increase in urban ambient temperature [9]. Besides, the frequent occurrence of extreme heat can increase morbidity, mortality, and health risks for urban dwellers [10,11,12]. Nearly half of the world’s poor are frequently affected by high temperatures, a number that is still rising fast [13]. The UHI effect will persist for a long time in numerous cities, which has become the major research direction of urban planning and needs to be solved urgently.



Numerous studies specialized in mitigating UHI effects with proven strategies [14,15,16,17]. In general, studies have illustrated that designing water bodies, increasing green spaces cover (lawn, forest, shrubbery), implementing a night ventilation strategy of chimney ventilation, and changing materials with high reflectivity on the impervious surface (roof, road) can mitigate UHI effectively [18,19,20,21,22]. Studies have shown that plants in green spaces can absorb surrounding heat through evapotranspiration, absorb carbon dioxide through photosynthesis, and shield solar radiation from the tree canopy which can significantly reduce temperature [23]. The green spaces often form low-temperature islands via reducing the temperature of the surrounding non-vegetation environment through airflow [24]. Meanwhile, Water bodies are a better radiation absorber than other urban underlying surface materials. Water bodies have a large heat capacity which allows them to absorb a great amount of heat; it provides efficient heat absorption by evaporating water bodies, and it takes advantage of short-wave radiation and can be transmitted to appropriate depths. For example, through a meta-analysis of the data of 27 meteorological stations in the city, the water bodies in the northern hemisphere can produce a cooling effect of 16.4 °C during the warmest months [25]. Many researchers believed that urban water bodies and green spaces were indispensable for local ecological environment protection and urban planning, and reasonable planning of them was the most economical and effective [26,27]. Hence, taking advantage of the cooling capacity and potential of water bodies and green spaces for the surrounding environment is increasingly regarded as a promising way to mitigate the UHI effect [28,29].



The majority of research explored the characteristics and dimensions of the UHI effect alleviated by water bodies and green spaces. Generally speaking, the amount (patch size and coverage) of water bodies and green spaces is positively correlated with the cooling effect it provides, but the amount is not the only influencing factor. Factors that characterize green spaces also influence cooling effects. For example, Peng [30] and Kuang [31] showed that the normalized vegetation index (NDVI) of green space increased, and the land surface temperature (LST) decreased. Besides, shape indicators also play a role in the cooling effect, but it is still controversial [32,33]. According to the study by Yu [32], circular or square green spaces had stronger cooling capacity. In addition, surrounding landscape composition will also affect the ability of water bodies and green spaces to alleviate the UHI effect. In recent research in Wuhan [22], when the lake was surrounded by compact midrise buildings, the lake could reduce the LST of the surrounding environment within the range of 1000 m, while the lake surrounded by the compact low-rise building region only provided the influence range of 300 m.



Various cooling indicators have been defined to quantify the ability of water bodies and green spaces to provide cooling effects to the urban thermal environment [34,35,36]. Recent research by Yu showed that the average cooling intensity of Beijing lakes in summer was 6.54 °C and the average cooling distance was 383.41 m, which represented the cooling effect and influence range that water bodies could provide for the surrounding environment [37]. In addition, in the context of rapid urbanization, it was impractical to increase the amount of water bodies and green spaces indefinitely [38,39]. Therefore, some studies proposed an indicator named Threshold Value of Efficiency (TVoE) [32] to quantitatively calculate the optimal area of water bodies and green spaces. Yu found that the TVoE of cities in Temperate monsoon and Mediterranean climates was generally around 0.5 ha [30]. The TVoE is a cost-effective cooling indicator that provides a quantitative reference for planning and may become one of the key solutions to balance urban modernization and urban ecological environment protection.



At present, mitigation of the UHI effect through water bodies and green spaces has become the focus of public attention, however, the research on how to plan and design water bodies and green spaces to alleviate the UHI effect is not specific. This study showed that the impact of water bodies and green spaces coverage rate and landscape (internal and external) factors on mitigation of UHI effect. To improve the efficiency of water bodies and green spaces in alleviating UHI effect, this study quantified the cooling indicators of water bodies and green spaces, and thus clarified the correlation between each factors and cooling indicators to obtain the optimal coverage range. Therefore, the UHI effect can be alleviated through the scientific design and planning of urban water bodies and green spaces, providing a scientific basis for the design of urban water bodies and green spaces in the future.




2. Materials and Methods


2.1. Study Region


Fuzhou (25°15′–26°39′ N, 118°08′–120°31′ E), locates in the lower reaches of the Minjiang River, east of the southeast Sea of China (Figure 1). Fuzhou is a subtropical monsoon city, summers are long, very hot, and humid, and winters are short and warm. In recent years, with the rapid development of urbanization, the urban underlying surface has changed dramatically, and the UHI effect becomes significant [40]. During of urbanization, LST increased 4–6 °C on average from 1989 to 2016 [41]. In 2020, number of days of high temperature (>35 °C) in Fuzhou reached 87 with 3 days of extreme heat (>40 °C). The city has become the hottest city in China, referred to as the “Furnace City”. Fuzhou has plentiful hydrological conditions [42,43]. As a typical city developed along the rivers, the mainstream of the Minjiang River is divided into north and south tributaries through the urban core regions. Meanwhile, there are dense inland river networks in the urban region. Besides, the green spaces of Fuzhou have been continuously eroded. The total area of green spaces stock decreased by 8.85% in 1986–2020, and the spatial distribution of green spaces are gradually fragmented. In order to mitigate the UHI effect and the impact of heat waves, as well as to improve the urban environment, the construction of water bodies and green spaces has become a very important policy for the Fuzhou municipal government.




2.2. Data Source


High-resolution remote sensing images with mildly atmospheric impact were derived from the websites (https://www.gscloud.cn) (accessed on 22 October 2021) of the Chinese Academy of Sciences, in order to obtain different landscape characteristics data and land surface temperature data over the years. Due to climate and research requirements, we selected Landsat images of 24 May 2010, 27 September 2015, 22 July 2020 with low cloud cover (0.34%, 1.76% and 11.77%, respectively), while the image cloud amount of 2020 is basically outside the study area. Besides, Google images with high-resolution and Open Street Map (https://www.openstreetmap.org/) (accessed on 30 October 2021) were used to extract water bodies and green spaces boundaries as a supplementary tool.




2.3. Data Processing


2.3.1. Retrieved of LST


Previous studies have generally adopted single-channel algorithms, split-window algorithm, and radiative transfer equation to retrieving LST. However, the radiative transfer equation was used to retrieve LST in the thermal infrared bands of Landsat-5 and Landsat-8 in this study. For Landsat-8, band10 and band11 are both thermal infrared bands [44]. According to Yu [39], LST accuracy based on the radiative transfer equation inversion of band-10 was higher than that of band-11. LST retrieval results from 2010 to 2020 were shown in Figure 2.




2.3.2. Extraction of Water Bodies and Green Spaces Samples


According to SAVI (The Soil Adjusted Vegetation Index) combined with high-resolution Google image, we extracted the urban green patch basis of different years in the study area. In low-vegetation areas such as urban built-up areas, the lower limit of SAVI’s detection vegetation coverage can be as low as 15%, which is better than NDVI’s 30% [45]. Based on Equation (1).


SAVI = [(NIR − Red)(1 + l)]/(NIR + Red + 1)



(1)




where, NIR and Red are reflectance of mid-infrared and visible Rad bands of OLI or TM+ respectively. L is the soil regulatory factor, and 0.5 is usually selected.



MNDWI (The Modified Normalized Difference Water Index) is widely used to extract urban water from remote sensing image and obtain its boundary [46,47], based on Equation (2).


MNDWI = (GREEN − MIR)/(GREEN + MIR))



(2)







Here, MIR and GREEN are reflectance of mid-infrared and visible Green bands of OLI or TM+ respectively. The usually threshold is 0. Water bodies are all grids with MNDWI value greater than 0 [47].



The resulting raster layer was converted into vector plane domain layer in ArcGIS and modified with high resolution image. The selection of green spaces samples and water samples should meet the following conditions: (1) the area range of green spaces patch was 0.09–40 ha; (2) to avoid the cooling effect caused by water bodies, selected patches should be more than 300 m away from water bodies; (3) to avoid the shadow of tall buildings affecting the LST results, the selected samples should be checked according to the high resolution image to see if there are some tall buildings around. According to the above rules, urban water bodies and green spaces samples selected in different years are represented in Figure 3.





2.4. Analytical Method and Measurement Indicators


2.4.1. Buffer Analysis


In order to explore quantitative indicators and the same method to measure the cooling effect of water bodies and green spaces, we built a series of buffer with a 30 m interval. For green spaces, 16 continuous buffers were created covering a range of 480 m, while 70 continuous buffers were created covering a range of 2100 m, the average LST in each buffer and the average LST in the sample can obtained. Besides, due to the LST was derived from 30 m retrieval remote sense images, there would be deviation between the average LST in the statistical sample and the buffers. To increase the continuity of LST with buffer, LST was interpolated from 30 m to 1 m by spline function.




2.4.2. Description of Cooling Effect Indicators


To quantify the cooling effect of water bodies and green spaces, several cooling indicators were used to describe the cooling effect [48,49]. The maximum temperature difference (ΔTmax) between water bodies and green spaces and surrounding urban area was defined as the green spaces cooling intensity (GCI) and water bodies cooling intensity (WCI); in addition, the cooling distance (GCD and WCD, respectively) represents how far the cooling effect extends. The buffer distance was plotted as the X-axis, and the average LST of each buffer as the Y-axis. Different curve fitting analysis results showed that cubic polynomial was better than other fitting methods and can best describe the relationship. As shown in Figure 4, Tpoint was the turning point of the first decline, while the distance from samples border to Tpoint was Dpoint and the maximum temperature difference between the LST of Tpoint and mean LST of samples was recorded ΔTmax. Hence, when the Tpoint appeared, the value of ΔTmax as cooling intensity and Dpoint as cooling distance could be calculated.



Besides, previous studies have found that TVoE can be used to measure cooling efficiency. There was a logarithmic relationship between ΔTmax and sample area size, the curve showed that with the increase of sample area, ΔTmax also increased, however, the increase rate was gradually slowed down, until a certain point, ΔTmax will stabilize in a certain range, and the point is TVoE. In this study, when the slope of the fitted logarithmic curve was 1, the area value of the sample is TVoE [50].




2.4.3. Internal and External Impact Factors


Characteristics of area and shape were usually selected to figure out how they affect the cooling effect of water bodies and green spaces, but many uncertainties still remain. Here, the landscape factors were divided into internal and external factors to analyze what characteristics would affect the cooling effect and the degree of influence (Table 1). Internal factors referred to patch structure including area, landscape shape index (LSI), SAVI within the samples (SAVIinside), and fractal dimension index (FRAC), while the external factors were the composition of surrounding landscapes, including proportion of impervious surface (PI), and SAVI of the surrounding environment (SAVIoutside). Besides, vegetation and water coverage was used to measure the thermal environment of the region where people live.






3. Results


3.1. Analysis of LST


According to Table 2, the average LST in the study region on 22 July 2020 (40.92 °C) was higher than that on 24 May 2010 (32.65 °C) and 27 September 2015 (32.65 °C). The maximum value of LST was also increasing year by year, from 49.30 °C in 2010 to 53.00 °C in 20 years. As shown in Figure 5A, the phenomenon of UHI was obvious in the study region. The impervious surface composed of buildings such as commercial regions, industrial regions, residential regions, construction sites to be built and roads had produced different degrees and scales of heat concentration. At the same time, there were also some regions with obvious low-temperature aggregation phenomena, such as rivers (Minjiang River), forests, lakes (West Lake) and urban inland rivers. These areas were water bodies or large-scale green spaces with an area larger than 40 ha. According to the research of the cooling effect of green spaces, take Yushan Scenic Area, a famous park in Fuzhou as an example in Figure 5C,D. The highest average temperature in the green spaces in three years was 41.85 °C (2020) and the lowest average temperature was 32.48 °C (2010). The maximum temperature difference with the surrounding environment was 4.01 °C (2010) and the minimum was 2.45 °C (2015).



Hot spot analysis method judged the hot spots and cold spots in the whole study region by studying a neighboring numerical value, and the hot spots (cold spots) were often the aggregation of multiple high-value points (low-value points). In order to better reflect the distribution of LST in time and space, the hot spot analysis method was used to measure the spatial location where high-temperature (low-temperature) aggregation occurred and the degree of high-temperature (low-temperature) aggregation. In Figure 5B, the blue regions were cold spots, meant that the region in the study region was low temperature, whereas the hot spot meant that the region was high temperature. The three-year average green spaces coverage of cold spots (90–99% confidence) reached 63.45%, and the three-year average water bodies’ coverage of cold spots (90–99% confidence) reached 98.16%. Most of the green patches in the electoral districts of Figure 5E, F are cold spots (99% confidence), the surrounding environment was the hot spots with increasing confidence (90–99% confidence) were distributed on the periphery. When studying the temperature difference between green patches and the surrounding environment, only 4.1% of the samples showed that the average green temperature was lower than the surrounding temperature. The above conclusions indicated that water bodies and green spaces would produce certain cold spots in the urban thermal environment and had a cooling effect on the ambient temperature.




3.2. Relationships between LST and Vegetation and Water Coverage


There are 34 streets with different vegetation and water coverage under three administrative districts in the study area. According to the results of Pearson correlation analysis (Table 3), from 2010 to 2020, the LST and water coverage of each street in Fuzhou were negatively correlated, respectively −0.708, −0.722 and −0.721, with an average correlation of −0.717. Similar results were found for vegetation coverage, which were −0.360, −0.366, and −0.519, respectively, with an average correlation of −0.415. The correlation between LST and water coverage was more significant than that between vegetation coverage, indicating that increasing water coverage in the study area was more effective than increasing vegetation to reduce air temperature.



The result showed that the logarithmic relationship best describes the relationship between region coverage and LST (Figure 6). The turning point was defined as the point at which the slope of the logarithm function was 1. Before the turning points, LST declined rapidly as the vegetation and water coverage increases; as such, increasing coverage before turning points was cost-effective. From 2010 to 2020, the water coverage at turning points was 65%, 53% and 58%, respectively, and the average value was 58%. Therefore, increasing water coverage within the range of 0–58% can effectively reduce the LST in the region. Similarly, the vegetation values at the turning point from 2010 to 2020 were 24%, 38% and 24% respectively, and the average value was 27%. Increasing vegetation coverage within 27% of the region can effectively and economically alleviate the thermal environment.




3.3. Cooling Effect Measured by Different Indicators


3.3.1. Cooling Intensity and Distance of Water Bodies


From 2010 to 2020, the internal temperature of water bodies and the temperature around water bodies at different distances were analyzed, and the optimal fitting function scheme was explored through curve fitting (Figure 7). Finally, it was concluded that the cubic polynomial fitting scheme was the best, and the mean R2 value of the three-year fitting function was 0.581. The difference between internal temperature and ambient temperature was defined as water bodies cooling effect. The cubic polynomial fitting function showed that the cooling effect of water bodies increased with the distance from water bodies, but only extended to a certain range and then disappeared. WCI and WCD were obtained by calculating the inflection point of the fitting function. In 2020, the WCI and WCD were about 9.70 °C and 861 m, while 7.30 °C and 748 m in 2015, 4.57 °C and 689 m in 2010. The cooling distance of water bodies was about 690 m to 860 m with the average value of 766 m, while the average value of cooling intensity was 6.86 °C.




3.3.2. Cooling Intensity and Distance of Green Spaces


The size of the 311 green samples ranged from 0.09 ha to 39.27 ha, and the LST ranged from 36.92 °C to 47.71 °C (2020). The LST of 354 green samples ranged from 30.47 °C to 42.26 °C (2015) and the LST of 384 green samples ranged from 28.67 °C to 40.04 °C (2010) while the area range identical with 2010. Pearson correlation analysis results indicated that the size of green samples and the LST was significant correlated (r = −0.365, p = 0.01). Due to the obvious difference in area size of green spaces samples, in order to better understand the relationship between green spaces and LST, we classified green samples into larger (10.73–40 ha), medium (3.23–10.72 ha), and small (0.09–3.22 ha) categories based on area size.



Different categories of GCI and GCD were calculated and outliers are removed. Specifically, as Table 4 showed, the average GCI value of all green samples was 1.82 °C (2020), 1.86 °C (2015) and 1.99 °C (2010) respectively. Under the background of increasing urban temperature, the average cooling intensity was roughly the equal for all size groups. The mean GCI of small samples (1.67 °C) was lower than that of medium samples (3.76 °C) in all three years, while medium samples was lower than that of larger samples (3.92 °C). Regarding GCD, ranging from 30 m to 450 m, the average value was 250 m in 2020, 578 m in summer and 238 m in 2010. Larger samples and medium samples had higher GCD than smaller samples in all three years. Meanwhile, the minimum GCD of small samples was 30 m, although medium and larger samples were 120 m. This indicated that with the increase of sample area, the cooling indicator of green spaces would also increase, but the growth rate tended to slow down.





3.4. Relationships between Cooling Indicators and Impacts Factors


3.4.1. The Impact on Cooling Intensity


The Pearson correlation coefficients between GCI and impact factors were shown in Figure 8. The results showed that internal factors and external factors were significantly correlated with the cooling intensity of green samples. For internal factors, moderately significant positive correlations between area and GCI were found for all samples in 2020 (r = 0.473), 2015 (r = 0.466) and 2010 (r = 0.571), while for medium samples in 2015 (r = 0.472) and for small samples in 2020 (r = 0.41). FRAC had significant negative correlation with GCI in all three years. LSI positively correlated with GCI for all samples in 2020 (r = 0.234) and 2015 (r = 0.295), and a positive relationship was found in 2010 although it was not significant. SAVIinside had moderately significant positive correlations with GCI in all three years (r2020 = 0.383; r2015 = 0.51; r2010 = 0.538). Meanwhile only small samples showed significant correlation, while medium samples and larger samples showed no significant correlation. Among four internal factors (area, LSI, FRAC and SAVIinside), area had the most significant correlation with the cooling intensity, followed by the SAVIinside, then the FRAC, at last the LSI. With regard to external factors, the PI (r2020 = 0.341; r2015 = 0.238; r2010 = 0.362), SAVIoutside (r2020 = 0.406; r2015 = 0.422; r2010 = 0.306) were positively correlated with the cooling intensity. For each year, TVoE was calculated based on the area of green samples were in a logarithmical relationship with the cooling intensity (Figure 9). The TVoE of GCI was 0.67 ha in 2020, 0.47 ha in 2015 and 0.57 ha in 2010. That was to say, the area of green spaces sample was 0.57 ha can effectively and economically alleviate the UHI effect and better benefit the urban population in Fuzhou.




3.4.2. The Impact on Cooling Distance


The Pearson correlation coefficients between GCD and impact factors were illustrated in Figure 10. For internal factors, the area and the SAVIinside showed significantly positive correlations with GCD for all samples in three years. The correlation coefficients varied from 0.342 to 0.525, which indicated moderate relationships between those factors and cooling distance. LSI positively correlated with GCD for all samples in 2015 (r = 0.254). FRAC had significant negative correlation with GCD in all three years, while the relationships exhibit weak correlation (r = −0.220). In details for three green samples size groups, no significant correlation was found between internal factors and GCD. The result could be found which indicated the inconsistency between green samples size groups. Among four internal factors, SAVIinside had the most significant correlation with the cooling distance, followed by the area, then the FRAC. For external factors, the PI and the SAVIoutside were positively correlated with the cooling distance, while SAVIoutside was more correlated than PI.






4. Discussion


4.1. The Difference of Cooling Effect between Water Bodies and Green Spaces


Among water bodies and green spaces, although water bodies has great cooling potential, the investigations on water bodies cooling effect are much less than that of green spaces [22], and the researches on the layout of water bodies and green spaces in the same urban is more rare [27,50]. In this study, hot spot analysis and correlation analysis (LST and coverage) were used to contrast the cooling effect of vegetation and water bodies for the surrounding environment. Quantitative calculation of cooling intensity and cooling distance was applied to characterize the cooling effect of water bodies and green spaces. Then, the correlation analysis (cooling indicators and impacts factors) method was used to explore the influence of internal and external space characteristics of water bodies and green spaces on cooling effect. Further, we tried to explore the TVoE of reference significance for future urban planning.



Both vegetation and water coverage were significantly negatively correlated with LST, indicating that LST would decrease with the continuous increase of vegetation and water coverage. Meanwhile, the correlation between surface temperature and water coverage was more significant than that of vegetation coverage, indicating that the cooling effect of water bodies were stronger than that of green spaces. The conclusion of this study was consistent with most previous studies [51,52,53,54,55]. The possible reasons are differences in urban background conditions, temperature measurement time and season, and conditions inside and outside the sample, such as urban dimension and tree canopy conditions in surrounding cities. A contrary conclusion was drawn in the study of Nanjing [20].



Further, cooling intensity and cooling distance were selected to quantitatively characterize the cooling effect of water bodies and green spaces. Due to the obvious difference in area size of green spaces samples, in order to understand the relationship between green spaces size and LST, we classified green samples into larger, medium, and small categories based on area size. Classification analyses based on the characteristics of green spaces were very common in studying the cooling effect of urban green spaces [16]. From the perspective of cooling intensity, in 2015 and 2020, regardless of the size, the cooling intensity of water bodies (9.70 °C and 7.30 °C, respectively) was greater than that of green spaces (1.86 °C and 1.82 °C, respectively). It is worth noting that this is not the case in all conclusions. In 2010, the cooling intensity of some larger samples of green spaces exceeded that of water bodies in the same year, while the cooling intensity of samples of medium and small areas was less than that of water bodies. The probable reason is that the average background temperature in 2010 was smaller than in other years. When background temperature was high, water bodies may have a stronger cooling potential than green spaces. Both water bodies and green spaces absorbed heat from their surroundings through evapotranspiration, and exchanged cool air into the surrounding hot air through air flow. In addition, the green space can reduce the temperature inside and around the green space by shading and absorbing carbon dioxide. When the background temperature was low, larger area of green spaces would generate larger area of cold islands through shading and absorbing carbon dioxide. However, when the background temperature increased rapidly, the cooling effect generated by the shading and absorbing carbon dioxide of green spaces was not as strong as that generated by the constant temperature water bodies. Besides, the WCD is much larger than the GCD in this study, in accordance with previous studies [52,53,55].



The above conclusions all indicated that in Fuzhou city, where the UHI effect could not be ignored and was becoming increasingly serious, water bodies could bring a stronger cooling effect with longer influence range than green spaces to other surrounding environments, and contribute more energy to alleviate the UHI effect.




4.2. Factors Affecting the Cooling Effect


In order to explore the spatial layout of the optimal green spaces sample, the following internal and external indicators were selected, including area, LSI, and FRAC to represent the sample shape characteristics, and SAVI and PI to represent the different landscape composition of the sample itself and the surrounding environment. Studies showed that the area size of a single sample was significantly positively correlated with GCI and GCD, which was consistent with most studies [46,50,56]. Small samples (area < 3.22 ha) maintained a significant positive correlation in different years, which could be used to support the validity of the conclusion that the efficiency threshold (TVoE) of the average optimal green spaces area was 0.57 ha. However, this phenomenon became blurred with larger samples. Meanwhile, this study concluded that the optimal area of green spaces patch in Fuzhou city with temperate monsoon climate was 0.57 ha, which was similar to the previous research conclusion. Fan’s study showed that TVoE of 7 Low-latitude Asian cities was 0.6–0.95 ha [57]. Yu found that the TVoE of cities in Temperate monsoon and Mediterranean climates was generally around 0.5 ha [30]. Compared with previous studies, the TVoE of green spaces in Fuzhou was 0.57 ha, which was within the error range.



For LSI, the effect of LSI on the cooling effect of green samples remains controversial in previous studies. Part of the conclusion was that LSI of green spaces samples was significantly positively correlated with cooling indicators [58], which was consistent with the conclusion that samples with more complex shapes in 2015 and 2020 could produce stronger cooling intensity. Nevertheless, contrary views were increasing [58,59]. The positive correlation between LSI and cooling indicators was stronger in the small sample than in the large sample. Previous research conclusions in Jaganmohan [60] could support the conclusion of this study. Jaganmohan founded that when the smaller green spaces increased its irregular shape, it would provide a longer interface between the green spaces and surroundings. This provided more opportunities for cooler air to influence the residential surroundings.



Furthermore, SAVIinside and NDVI referred to the greenness of a green spaces sample, which meant the abundance of vegetation biomass. Numerous studies have concluded that NDVI in green spaces had a positive impact on the cooling effect of green spaces [30,31,57]. In this study, both the cooling intensity and cooling distance of green spaces samples were positively correlated with SAVIinside, which indicated that green spaces with higher greenness would provide a stronger cooling effect on a wider range of surrounding environment, especially the small green spaces.



Besides, in previous studies on water bodies cooling effect and urban park cooling effect [22,35,55,61], external factors of samples were often selected to study the degree of influence on the cooling indicators, while the methods were rarely put into use in the study of green spaces, so this study selected the external factors of green spaces to discuss the degree of influence on the indicators. The higher the PI around small samples, the stronger the cooling intensity of the samples from 2010–2020, which meant that in the region with higher building coverage, adding a small sample of green spaces was more effective in alleviating the UHI effect of the surrounding environment. SAVIoutside had moderately significant positive correlations with GCI in all three years, illustrating that green spaces had stronger cooling intensity in region with higher overall greening rate.




4.3. Implications for Urban Planning and Management


The effect mechanism of vegetation coverage and water coverage on LST in different streets was studied, and the cooling index of different samples in the water bodies and green spaces was quantitatively analyzed and obtained. In addition, the internal shape, biological characteristics, and external landscape composition of samples were selected as influencing factors to explore the relationship between the cooling indicators and the sample. The qualitative and quantitative results provided important suggestions and inspirations for the macro-management regulation and micro-layout planning of urban water bodies and green spaces respectively.



Vegetation coverage and water coverage were negatively correlated with LST, and water coverage had a stronger effect on LST. On this basis, based on street data, it was found that the relationship between water bodies, vegetation coverage and LST was logarithmic, which meant that increasing water bodies and vegetation coverage in streets where people live could effectively reduce LST and alleviate the UHI effect. However, such a logarithmic relationship meant that the LST decreased with the increase of coverage, and the rate of decline continued to slow down. Especially when the slope of a logarithmic function was equal to 1, the decreasing efficiency of LST would become very slow. At the same time, the proportion of impervious surfaces in the streets in the urban core region was very high, so it was difficult to provide sufficient public service areas to layout more water bodies and vegetation. Therefore, it is meaningful to study the optimal value of vegetation coverage and water coverage in each street [62,63,64]. Combined with the actual situation, under the background of urban development, it was suggested to increase the reasonable layout of water bodies. In addition, the recommended range of vegetation coverage is 0–27%, which provided macroscopical thinking inspiration for future urban planning and layout.



The area is an important factor affecting the cooling effect of a single green sample. In-depth investigation showed that with the increase of sample area, the maximum temperature difference between the sample and the surrounding environment also increased, but this relationship was not linear [27]. From 2010 to 2020, the average cooling intensity difference between larger samples and medium samples was much smaller than the average cooling intensity difference between medium samples and small samples, as well as the cooling range. Combined with regression analysis, the average TVoE was 0.57 ha, indicating that the area of green spaces without cooling synergistic effect was the most economical and effective to reduce the ambient temperature at 0.57 ha.



According to the conclusion in 4.3, in the future planning and layout of small samples of green spaces, we found that the shape characteristics (LSI) and biological characteristics (SAVIinside) of green spaces were important factors affecting the cooling effect. However, in the core region of Fuzhou, the green spaces are usually the green belt along the road or the park with a larger area, which can be planned as larger green spaces with a higher degree of greenness and provide more ecosystem services. The critical value of urban green spaces and the influence of it features on the cooling effect still remain to be investigated. In this paper, TVoE idea was used to propose that 0.57 ha green spaces with high irregularity and greenness was the best green spaces condition for effectively alleviating UHI effect, which had certain reference significance for urban planners and decision makers.




4.4. Limitations of the Study


Some limitations of this study are the direction of future research. First of all, remote sensing image data of one day in summer of different years were used in this study to present temporal variation, ignoring seasonal and diurnal variation, which would lead to certain one-sidedness and uncertainty in the research results. It is an important direction to use different methods to obtain temperature data and to explore the influence of time difference on the cooling effect from a more comprehensive perspective. Secondly, many studies in which the cooling effect of green spaces has been examined using computer simulation based on several scenarios regarding the specifications of the green spaces [16]. The future research direction of this study is to separately analyze the cooling effect of each green spaces on a smaller scale. Furthermore, with the gradual fragmentation of water bodies and green spaces in the metropolis, especially in densely built-up areas [65,66], the interaction between the water bodies and green spaces becomes hard to ignore. Special attention should pay to future research. In addition, the optimal area (TVoE) was quantitatively calculated in this study, but the meaning of TVoE for future urban planning is still vague [27]. Future studies of this topic should be devoted to in-depth exploration of the mechanism and influencing factors of TVoE, so as to find out the optimal spatial pattern.





5. Conclusions


This study focused on urban water bodies and green spaces planning to alleviate the phenomenon of rising summer temperature in the Fuzhou city. In this study, we compared the cooling effect of water bodies and green spaces on the surrounding environment from different standpoints, quantified the cooling intensity and cooling distance of samples, and explored the correlation between cooling indicators and the internal and external spatial characteristics of samples. The following conclusions were drawn: (1) The cooling effect of water bodies were stronger than that of vegetation in most cases, especially under the background of rising urban temperature; (2) More water bodies’ layout in the region was advocated. Considering the actual situation, increasing vegetation coverage within 27% of the region can effectively and economically alleviate the thermal environment in areas with a large number of human production activities; (3) From 2010 to 2020, the GCI was about 0.06 °C to 6.10 °C with an average value of 1.89 °C while the GCD was about 30 m to 450 m with an average value of 240 m; (4) The WCI is about 4.57 °C to 9.70 °C with an average value of 6.86 °C while the WCD was about 690 m to 860 m with an average value of 766 m; (5) The average value of TVoE was 0.57 ha. In the planning of green spaces, the optimal area was 0.57 ha, and irregular green spaces samples with high vegetation index had high cost performance to alleviate the phenomenon of high temperature in the surrounding environment. The results provide quantitative guidance for urban public service spatial planning of water bodies and green spaces to prevent the continuous increase of urban background temperature.
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Figure 1. Location of the core urban area of Fuzhou. 
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Figure 2. Distribution of LST. 
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Figure 3. Spatial distribution of water bodies and green spaces. 
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Figure 4. Figure out the calculation of cooling indicators. 






Figure 4. Figure out the calculation of cooling indicators.



[image: Water 14 01471 g004]







[image: Water 14 01471 g005 550] 





Figure 5. Spatial pattern of LST in 2015 (A,B) cold-hot spot areas, Yushan Scenic Area (C) and Changanshan Scenic Area (E), spatial distribution of LST in Yushan Scenic Area in 2015 (D) and analysis of cold hot spots in Changanshan Scenic Area in 2015 (F). 
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Figure 6. Relationship between LST and water coverage as well as vegetation coverage in (A,D) 2020, (B,E) 2015 and (C,F) 2010. 
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Figure 7. Scatter plots of the LST and distances to the water bodies patch in (A) 2010, (B) 2015 and (C) 2020. 
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Figure 8. Pearson correlation coefficients between GCI and impact factors in (A) 2010, (B) 2015 and (C) 2020. 
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Figure 9. Logarithmical relationship between GCI and the green samples in (A) 2020, (B) 2015 and (C) 2010. 
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Figure 10. Pearson correlation coefficients between GCD and impact factors in (A) 2010, (B) 2015 and (C) 2020. 
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Table 1. Descriptions of internal and external factors.
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Classification

	
Abbreviation

	
Description






	
Internal factors

	
Area (ha)

	
Patch area of the samples




	
LSI

	
LSI (Landscape Shape Index) is a standardized measure of total edge or edge density that

adjusts for the size of the landscape




	
FRAC

	
FRAC (fractal dimension index) is the fractal

dimension of a sample patch




	
SAVIinside

	
The average value of (The Soil Adjusted

Vegetation Index) within the sample




	
External factors

	
PI (%)

	
The proportion of impervious surface in the range of cooling effect generated by the sample




	
SAVIoutside

	
The average value of SAVI in the range of

cooling effect generated by the sample
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Table 2. LST from 2010–2020.
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	Date
	2010.05.24
	2015.09.27
	2020.07.22





	Max
	49.30 °C
	51.00 °C
	53.00 °C



	Min
	21.32 °C
	20.51 °C
	20.30 °C



	Mean
	32.65 °C
	34.82 °C
	40.92 °C
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Table 3. Pearson correlation coefficients for LST associated with vegetation and water coverage.
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	Water Coverage
	Vegetation Coverage





	2020
	−0.708 **
	−0.360 *



	2015
	−0.722 **
	−0.366 *



	2010
	−0.721 **
	−0.519 **







** Correlation is significant at the 0.01 level (2-tailed); *: Correlation is significant at the 0.05 level (2-tailed).
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Table 4. Descriptive Statistics of GCI and GCD.
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2010

	
2015

	
2020




	

	

	
Max

	
Min

	
Mean

	
Std

	
Max

	
Min

	
Mean

	
Std

	
Max

	
Min

	
Mean

	
Std






	
GCI (°C)

	
all samples

	
5.48

	
0.06

	
1.99

	
1.23

	
5.04

	
0.06

	
1.86

	
1.11

	
6.10

	
0.03

	
1.82

	
1.34




	
larger samples

	
5.48

	
2.28

	
4.18

	
0.98

	
5.04

	
2.73

	
3.64

	
1.01

	
6.10

	
1.70

	
4.96

	
1.20




	
medium samples

	
4.06

	
1.82

	
3.94

	
1.67

	
4.17

	
1.16

	
3.11

	
1.28

	
5.76

	
1.05

	
4.23

	
1.33




	
small samples

	
3.22

	
0.06

	
1.85

	
1.12

	
3.95

	
0.06

	
1.55

	
0.98

	
4.05

	
0.03

	
1.62

	
1.14




	
GCD (m)

	
all samples

	
450

	
30

	
250.17

	
113.92

	
450

	
30

	
238.05

	
140.27

	
450

	
30

	
248.30

	
136.92




	
larger samples

	
450

	
150

	
340.00

	
114.02

	
450

	
150

	
351.82

	
91.43

	
450

	
120

	
318.75

	
111.18




	
medium samples

	
450

	
240

	
327.69

	
66.01

	
450

	
120

	
340.91

	
115.32

	
450

	
120

	
296.25

	
111.17




	
small samples

	
450

	
30

	
244.70

	
132.47

	
450

	
30

	
228.03

	
138.78

	
450

	
30

	
243.65

	
137.81
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