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Abstract

:

Urban green space is considered an important part of urban ecological construction be-cause of the efficiency of green space in reducing ambient temperature. It was previously reported that the quantity and layout of arbors and paving are very important factors for cooling. To research the combination mode of the quantity and layout of arbors and paving able to effectively lower the temperature during the summer in a coastal open space environment where little architecture exists, we built a numerical model of heat transfer using ENVI–met numerical modeling simulation, for which the May Fourth Square in Qingdao was selected. The results showed that the ratio coverage of the arbor layer and pavement fragmentation were positively correlated with the cooling effect. We found that setting the passageway conformed to the sea breeze by arbors and close planting at the air outlet effectively reduced the site temperature. After optimizing the site’s greening layout, the cooling effect over the process of time decreased in the height direction. At the same time, the cooling effect increased before 15:00 and then reduced gradually in the time dimension. Compared to the original site, the total cooling efficiency reached 1.41 × 108 J, equaling electric energy of about 39.2 kW·h. This research solves the issue of the synergy between planting and pavement for cooling coastal open spaces in summer and provides a basis to formulate a promotion strategy for landscape design areas with similar geographical and climatic conditions.
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1. Introduction


The urban heat island (UHI) effect is a local high temperature phenomenon in urban areas [1]. The urban heat island effect continues to rise with an increase in construction intensity heat rejection and at the same time green space and water areas [2]. This is currently an urgent need to alleviate the heat island effect for current urban construction. Additionally, certain climatic conditions are prerequisites for the thermal comfort of the site [3,4]. Research on cooling measures for urban sites under different geographical conditions will be very helpful to mitigate the urban heat island effect.



There have been a lot of studies on how to alleviate the UHI effect. Expanding urban green space coverage has significant effects [5]. The cooling effect of green space varies according to the size and type of green space, the structural characteristics of plants, and the spatial model of green space [6,7,8]. The shape of the green space also impacts the cooling effect. An Israeli study showed that the shape index of green spaces had little impact on cooling effects, but many other studies have shown that shape index plays an important role in cooling effects [9,10,11,12]. Some scholars have noted that certain methods are beneficial to alleviate the UHI effect and increase thermal comfort including reducing man-made heat and pavement area and aggregation, and increasing plant coverage [13]. In addition to plants, water can also significantly alleviate the heat island effect. By using the method of land surface temperature inversion, it was found that the heat island intensity is obviously reduced in the waters of the Nanjing section of the Yangtze River, Shijiu Lake, and Gucheng Lake [14].



At present, the quantitative research methods of urban thermal environment include ground observation, remote sensing, and numerical simulation [15]. Numerical simulation can be used for three-dimensional simulation of thermal environment, and computational fluid dynamics (CFD) is one of the most commonly used numerical simulation methods. CFD includes ANSYS Fluent, PHOENICS, ENVI-Met, CFX, Star-CD, and Star-CCM. With CFD technology, the convection, heat conduction, and radiant heat transfer in the urban space can be coupled to predict the urban thermal environment [16]. At present, many studies have proposed methods and measures to improve urban thermal environment based on CFD technology, including rational layout and optimization of plants, water, buildings, and urban ventilation corridors. However, these studies lack quantitative research on landscape elements and usually focus on a single landscape element, lacking systematic research on the effects of multiple elements on thermal comfort.



Based on the research status, this study focuses on how to make the wind, pavement, and plants work together to produce a cooling effect in the urban open space next to large water (the ocean) so as to obtain a better thermal environment. Therefore, hot summer climate conditions, field investigation, and the ENVI–met simulation method were selected for the study. The results of this study could help mitigate the urban heat island effect by providing a reasonable green space layout mode and improving cooling efficiency.




2. Materials and Methods


2.1. Research Area


Qingdao is located between 119°30′–121°0′ E and 35°35′–37°9′ N and is geographically situated in the east coast of China. The average maximum temperature in the area is mostly between 24.0 and 30.0 °C in the summer. The southeast wind prevails there, with average wind speeds between 3.4 and 5.4 m/s in the summer [17]. The summer monsoon can bring cool and humid air over the ocean into the city. The May Fourth Square site, which covers an area of 8.5 hectares, faces the Yellow Sea to the south at the edge of the city. This site serves as an urban public green space. The geographical location of Qingdao is shown in Figure 1a. The location of the study area in Qingdao is shown in Figure 1b. Points 1–3 in Figure 1c are the actual measurement points arranged according to lawn, pavement, and dense forest. The pavement concentrated in the central layout of the site accounts for 35% of the total. The buildings scattered in the green space account for 1.5%. Arbors concentrated in the north account for 28%. There is no shade in the main crowd activity area, and little space exists for activities under the forest of the site. The area does not meet the requirements of human thermal comfort in the summer.




2.2. Methodology


2.2.1. Technical Route


In this study, we conducted field research to obtain the physical environment parameters and typical sunny-day climate data during the summer at the May Fourth Square. These data were then used as the initial condition and initial climate parameters for ENVI–met software modeling. We first created the site status model as the control group and then established multiple models according to different underlying surfaces and planting layout modes. Software simulations output microclimate data to analyze in comparison with the current situation. In this way, we sought to obtain the best design pattern to satisfy the summer cooling needs of the site and analyze the ultimate cooling efficiency of the designed site.



ENVI–met can simulate surface–plant–air interactions in urban environments based on the principles of fluid mechanics, thermodynamics, and atmospheric physics [18]. Some scholars previously evaluated the accuracy of models showing that the urban cooling effect would change according to the urban form, the type and scope of vegetation, and the time period of heat mitigation [19]. The model is composed of a 3D master model, one-dimensional boundary model, and nested grids (Figure 2).



Thermal effect studies based on ENVI–met typically follow a three-step study workflow, which is universal in numerical simulation research. These steps are modeling, verification, and scene simulation. We also used these three steps to simulate and analyze the climatic environment of the coastal open space.




2.2.2. Model Setup


ENVI–met V5.0.2 was used for simulations in this study. The simulation site was set to be 500 m long and 500 m wide and used multiple nested grids. We set the number of model grids to 125 × 125 × 30 to represent the space of the whole site. Meteorological data of typical sunny days in July in Qingdao city were used as the initial value to simulate the thermal environment under different scenarios (Table 1) (Source: combination of data published by local meteorological department, national meteorological data center, and measured data).



The underlying surface and planting layouts are the most important factors that determine the physical environment of the site without changing the existing buildings. In terms of the underlying surface, primarily loamy soil and granite pavement set to default values were used during the simulation. For planting, the software provided plant modeling parameters set according to plant physiological characteristics. Black pine was chosen as a representative plant because it is the most widely used species in seaside areas in Qingdao city. We used the canopy meter (LAI-2200) to determine the leaf area index LAI of dominant species. The LAD values of plants with the given tree height, crown width, and under branch height were calculated using Formula (1):


  L A I =   ∫  0 h  L A D · Δ z  



(1)




where   L A I   = the leaf area index,   L A D   = the leaf area density,   Δ z   = the crown height of each layer, and  h  = the crown height [20].



The plant model parameters, according to the relevant measurements and calculations, are shown in Table 2.




2.2.3. Model Validation


It is necessary to conduct in situ measurement verifications for research and analysis with ENVI–met. Data on air temperature, relative humidity, and wind speed have been used for actual measurement verification in several studies [18]. The typical sunny day climate parameters of Qingdao in summer were selected as the initial values for simulation (Table 1). The software vendor considers the minimum simulation time required to study UHI to be 24 h. Thus, the simulation duration was set to 24 h. We conducted measurements on 15 July 2022, which was a sunny day with typical summer climate characteristics in Qingdao. The measured time was set from 7:00 to 18:00. Three points were measured (Figure 1). We measured the data at ten-minute intervals of 30 s before and after each hour at 1.4 m, which is considered pedestrian height. The average values were taken as the measured hourly climate data (Table M01 of Supplementary Materials). Next, the measured values and simulated values were statistically analyzed. The root mean square error (RMSE), systematic RMSE (RMSEs), unsystematic RMSE (RMSEu), and index of agreement (d) were chosen to evaluate the accuracy of the temperature and humidity of the model. The RMSEs explain the part of the total error that always occurs and has specific causes, such as the errors caused by weak characterization of the research object due to using the meshing method in the ENVI–met model. RMSEu is composed of input parameters, the accuracy of the constructed model, empirical constants, etc. The index of agreement (d) is the probability that the simulated value of the model agrees with the measured value. This value indicates how accurately the model predicts a variable, where D = 1 means that the simulated value is completely consistent with the measured value. The expression formula is as follows:


  d = 1 −     ∑   i = 1  n     (   P i  −  O i   )   2      ∑   i = 1  n     (   P i ′  −  O i ′   )   2    ,   0 ≤ d ≤ 1  



(2)






  R M S E s =    1 n    ∑   i = 1  n     (     P i   ^  −  O i   )   2     



(3)






  R M S E u =    1 n    ∑   i = 1  n     (   P i  −    P i   ^   )   2       



(4)






  R M S E =   R M S E  u 2  + R M S E  s 2     



(5)




where  n  = measured times,    P i    = simulated value,    O i    = measured value,    P i ′    = simulated average value,    O i ′    = measured average value, and      P i   ^    = vector of the simulated value.



The temperature simulation error of the three measuring points is between 0.04 and 3.6 °C, in which the error of measuring point 1 is the smallest and that of measuring point 2 is larger. The simulation error of humidity is between 4% and 20%, the error of measuring points 1 and 3 is small, and that of measuring point 2 is large. The error is within the acceptable range. We quantitatively evaluated the error between the simulated and observed values of atmospheric temperature and relative humidity (Table 3), finding that the R2 values of all measuring points were greater than 0.78, and the RMSEs were greater than the RMSEu. This result might be due to the low air humidity in the ENVI–met initial parameter settings. The temperature RMSE value was found to be between 1.4 and 2.6 °C. The humidity RMSE was recorded as 12.8–17.5%. The errors were within an acceptable range. This result shows that the variation trend of the simulated value is consistent with that of the measured value, which means that the simulation can accurately predict changes in site temperature and humidity (Table M02 of Supplementary Materials).



The corresponding diagrams show that the temperature error is small between the simulated value and the observed value of the three measuring points (Figure 3), which have the same trend of changes in the three points. Overall, the simulated temperature is higher than the observed value, and the simulated humidity value is lower than the observed value (Figure 4). This result may be due to the high humidity of the seaside air on the day of observation. The thermal radiation of the square pavement was greatly reduced as humidity reached close to 100% for many hours in the morning. Due to this humidity, the observed near-surface temperature was lower than the simulated value.



In terms of wind speed, static inputs are used to represent wind speed and direction in the ENVI–met model. The validation study shows that models have trouble predicting the dynamic behavior within a day [21].



Although the simulation effect of dynamic changes in wind speed data is poor, the wind speed value mainly depends on the physical environmental conditions and climatic conditions. Therefore, the changes in wind speed and direction generated by the software simulation reflect the relationship between the site status and the climate environment. The simulation data for wind speed are, therefore, of reference value.




2.2.4. Construction of Simulation Models


The long-wave radiation of the pavement has a heating effect on the air. The area ratio of the underlying surface and the patch area are the key pattern features that affect the temperature and humidity of the micro-scale environment. The degrees of fragmentation and aggregation also have some influence [22]. Considering that the current pavement of the site is too concentrated, we applied two pavement layout methods to make the pavement layout more decentralized. Secondly, based on the cooling and humidifying effects of plants, we set different planting positions and types of tree coverage to explore the cooling effect of the planting layout mode. The specific settings are outlined in Table 4 (Models C01–C07 of Supplementary Materials).



To keep the climate condition parameter settings consistent, case 1 (the current situation) was compared with other models with different underlying surfaces and planting layouts as the control group. Control cases 2 and 3 were designed to analyze the cooling effects of different underlying surfaces. Cases 2 and 3 have the same greening and pavement coverage as model 1 but with different pavement fragmentation levels. This setting reflects the cooling effects of different pavement layout modes. Control case 4 aims to analyze the cooling effects of different planting positions. Case 4 has the same pavement layout and arbor coverage as case 1 and reflects the influence of planting position on site temperature by planting arbors with 28% coverage on the south side of the site where the wind comes from. Arbor coverage reaches 37% in Scenario 5. The east and west sides of the site are planted in a row along the dominant wind direction to form an air duct. Here, the planting width and row spacing are set to 10 m to effectively form a wind channel [23].



The purpose of comparing cases 6 and 7 is to analyze the cooling effect of increasing tree coverage and forming air ducts. Case 6 increases the arbor coverage to 50%, where dense plant coverage in the north of the site and plants in the south of the site form an air duct. Case 7 sets the arbor coverage rate to 50% but with dense plants on the south side of the site and an air passage on the north side. Comparative analysis of the simulation results for model 6 and 7 shows the cooling effect under different positional relationships between the planting layout and sea breeze direction. Finally, according to the simulation analysis results of the 7 cases, we obtained an optimal solution for the landscape construction mode of coastal open space based on summer cooling demand. Furthermore, the overall cooling effect in three-dimensional space was obtained by comparing the optimal model with the current situation.




2.2.5. Evaluation Index


In this section, we quantitatively analyze the impacts of different landscape construction modes on the human thermal comfort index in summer coastal open space and examine the cooling effects of the optimized design mode on the site.



According to frequency of use, the human thermal comfort index includes physiological equivalent temperature (PET), predicted mean vote (PMV), universal thermal climate index (UTCI), comfort formula (COMFA), and temperature of equivalent perception (TEP) [24]. These indices can be calculated from the ENVI–met meteorological output values and can also be directly extracted from BIO-met. PET is the air temperature at which human skin temperature and body temperature reach a thermal state equivalent to that of a typical indoor environment when located in an indoor or outdoor environment [25]. PET is widely used when assessing the micro thermal environment. PET adopts radiant flux from body heat balance in all possible directions and wavelengths, including short wave and long-wave radiation. The human sex, height, age, weight, heat resistance of clothes, and metabolic heat are included in the calculation. Therefore, PET has become the most widely used index in urban climatology and is considered the most suitable for evaluating outdoor human thermal comfort [26]. PET is a thermal comfort index derived from the Munich energy balance model for individuals (MEMI). The MEMI formula is [27]:


  M + W + R + C +  E D  +  E  R e   +  E  S w   + S = 0  



(6)




where M = metabolic rate, W = work item, R = radiant heat exchange term, C = convective heat flux, and ED = heat loss caused by water evaporation to the surrounding air through the surface when the skin is dry, ERe = sweat heat loss, and ESw = thermal storage.



In this study, the physiological equivalent temperature (PET) output by the BIO-met module in ENVI–met is taken as the thermal comfort index. To perform PET calculation and analysis, the parameter settings are as follows: height = 1.75 m; weight = 75 kg; Age = 35; gender = male; body surface area = 1.91 m2; static clothing insulation index = 0.3; metabolic rate (walking or simple activities) = 86 W·m2.



Three-dimensional cooling effect can be produced by green space formed by planting. Therefore, it is necessary to calculate the three-dimensional space cooling effect including the cumulative effects of temperature reduction and the cooling efficiency of the site [28]. At present, there is no literature on the calculation height of cooling efficiency. The statistical height h is set to 7 m. Simulated temperatures at 0.2, 0.6, 1.0, 1.4, 1.8, 3.0, 5.0, and 7.0 m heights are used for the statistical temperature calculations. The statistical duration is subject to the measured time interval of 7:00–19:00, and the cooling effect is calculated as follows:


  Δ T =   ∫  0 h   [  Ty − Td ( h )  ]  dh  



(7)






  Δ    Q  = cm Δ    T  =  c ρ s    ∫  0 h   [  Ty − Td ( h )  ]  dh  



(8)







In Formula (7), ∆T is the cumulative value of the temperature difference between the design site temperature and the original site temperature at a height of 0–7 m. Ty is the original site temperature. Td is the temperature of the design site. T(h) is the function of the change of the daily average temperature of the design site relative to the original site with height. The upper integral limit h is the set temperature statistical section height of 7 m. In Formula (8), ∆Q is the cumulative value of the cooling efficiency of the design site within the range of 0–7 m. c(1 × 103 J/kg·°C) is the specific heat of the air. ρ(1.29 kg/m3) is the air density. s is the total area excluding buildings in the study area.






3. Results


3.1. Analysis of Thermal Comfort


Figure 5 shows the PET distribution planes of six models with a human height of 1.4 m at 15:00. It can be seen that the PET range is between 27.7 and 54.4 °C and that the average PET reaches 34.8 °C under the current conditions in case 1. The cool area is located in the green space under the shadow of the east side of buildings and trees where solar radiation does not directly reach the ground. For this reason, the average radiation temperature in the area is low. Hot spots up to 54.4 °C appear in the quiet wind zone on the northwest leeward side of the building, which is also a position directly exposed to solar radiation. In general, higher PET values were recorded in the paved area under direct sunlight, while lower PET values were observed in shaded areas under forest cover or buildings. At the same time, good ventilation conditions are conducive to reducing PET. Therefore, when designing cases 2–7, we broke the pavement to reduce the heat generated by long-wave radiation and improved planting coverage to form good ventilation conditions, thereby reducing PET (Tables P01–P07 of Supplementary Materials).



The simulation results of cases 2–7 show the thermal comfort of the study area under different pavement and planting layouts. The average PET of all cases is between 32.1 and 34.5 °C (Figure 6), which is lower than the current PET. At the same time, the maximum temperature of all cases is slightly lower than that of case 1, but the location is basically the same as that of case 1, with all maximum temperatures located in the direct sunlight areas with low wind speeds on the northwest sides of the buildings. However, in different cases, the underlying surfaces at these locations are planted and paved, and their long-wave radiation heating effects are different. Therefore, at these locations where extreme high temperatures occur, the west facade of the building receives solar radiation and continuously generates long-wave radiation to the surrounding area, which is the biggest reason for the formation of extreme high temperature at the site.



First of all, the simulation data for cases 1–3 show that under the same pavement coverage, a relatively dispersed pavement layout can effectively reduce PET. The PET of case 1 is between 27.7 and 54.4 °C. Under the same planting conditions, the highest PET and average PET in the whole region of case 2 were reduced by 1.9% and 0.8%, respectively, compared to the current situation. The highest PET and average PET in case 3 (with the highest pavement fragmentation) were 4.2% and 4.0% lower than the status quo because the scattered pavements gain more shade, thus reducing their heat storage and reradiation capacity. The PET values in the three cases all show that the area ratio is close to 50% in the temperature range of 34–37 °C (Figure 7). This condition results in a higher site-average PET. However, compared to cases 1 and 2, the overall temperature of the original central paving area dropped significantly in case 3, and the area with PET values of 28–31 °C accounted for 30.2%, which is much higher than the proportion in cases 1 and 2 due to the cool sea breeze from the southeast passing through the tree-free area first. When the pavement is more dispersed, the long-wave radiation generated by the pavement heats the air less. Cool air is then blocked by the dense forest in the northern part of the site to form a more effective cooling area.



Secondly, the simulation data for cases 1 and 4 show that under the same pavement layout (current situation), the same tree coverage can be concentrated on the south side of the site to achieve a better cooling effect. The maximum PET and average PET of the site are reduced by 1.8% and 2.9%, respectively, compared to the current situation through the concentrated planting of arbors on the south side of the site. The low-temperature area (<31 °C) of the site increased more than the current situation, with these areas concentrated in the southeast side of the site. This occurs because the cool air introduced by the wind from the southeast sea surface is detained on the southeast side of the site due to vegetation blockages, thereby reducing the thermal radiation effect of this part of the centralized pavement. At the same time, this part of the cool air can achieve effective plant cooling when it reaches the area where the plants are concentrated, which makes the area experience a better cooling effect than the current situation, whether it is paved or planted.



Finally, the data for cases 5–7 show that when the fragmentation of pavement is increased, the coverage rate of arbor increases to 50%. At the same time, the wind channel along the dominant summer wind direction is established by planting, and a better cooling effect in summer is obtained. Case 5 uses planting to form a full-field ground wind channel, which decreased the highest and average PET by 3.8% and 7%. Case 6 features densely planted trees on the north side of the site, while the wind channel area formed by trees is set up in the monsoon direction of the site on the southeast side. As a result, the highest and average PET decreased by 4% and 7.8%, respectively. Case 7 features densely planted trees on the south side of the site, with the wind channel area set up on the northwest side of the site. This configuration decreased the highest and average PET by 3.8% and 7%, respectively. It can be seen that the cooling effect of dense arbor planting in the north is better than that in the south. This result seems to contradict the conclusion presented in the previous case 4 but highlights the importance of ventilation for cooling. Densely planted forest land will retain cool air on the southeast sea surface in the south. Additionally, establishing a wind channel at the sea breeze inlet is conducive to cool air entering the site, enabling one to obtain a better overall cooling effect. At the same time, it has been confirmed that there is a significant negative correlation between UHI and aerosol optical depth (AOD) [29]. Attenuation of incident solar radiation caused by high AOD is the cause of low temperature [30]. The range of PET in case 6 below 31 °C reached 53.3% that of the study site area, which is significantly superior to the other cases in terms of the PET mean value, high temperature extreme value, and cool area. Therefore, under the common climate conditions of the Qingdao coastal open space in the summer, the site pavement should be designed in a decentralized manner, and a wind channel should be set up on the windward side to introduce cool sea breeze into the site. At the same time, planting dense forests near the wind direction exit of the site will decrease the temperature of air in the site, thereby achieving a good cooling effect.




3.2. Analysis of Cooling Efficiency


The following section analyzes the cooling effectiveness of the optimal cooling design case obtained from the previous research and analysis. The average temperature differences of case 6 and case 1 generated in the ENVI–met software for each calculation section height layer were exported to excel, and a table with time point and height as the abscissa and ordinate, respectively, was created (Tables S01–S13 of Supplementary Materials). Each datum in the table represents the mean temperature difference at a certain height at a time node. To visualize the data, each datum in this table was assigned corresponding x and y coordinate values in the order of natural numbers. Then, the data were imported into the GIS software and colored according to the average temperature difference data. The resulting distribution diagram of the average temperature differences (with height and time) between case 6 and case 1 in the study area is shown in Figure 8.



According to the simulation data and the average temperature drop statistics of case 6 compared to case 1 at each time node and height in the study area (Figure 9, Figure 10 and Figure 11), the average temperature drop range is −0.09–0.55 °C, and the minimum average temperature drop occurs at 19:00 at a 3 m height. The maximum average temperature drop occurs at 15:00 at a height of 0.2 m. The overall cooling feature is that the cooling effect decreases gradually in the height direction, increases gradually from 9:00 to 15:00 in the time direction, and then decreases gradually from 15:00 to 19:00. The time period of 7:00 and 9:00 shows a warming effect. In terms of height, the long-wave radiation on the ground is greatly reduced due to the increase in planting shadows and the dispersion of pavement near the ground. Thus, the closer to the ground, the greater the temperature difference between the current state and the ground. When the cross-section height is close to 3 m at the branch point of the tree, the long-wave radiation heating effect on the ground gradually decreases, and the cooling and humidifying effect of the canopy begins to emerge.



To calculate the daily average cooling in the study area, a regression function of the daily average temperature difference and the cross-section height value of case 6 and case 1 is constructed (Figure 12). Bringing the function obtained from the analysis into the previous Formula (7), the calculation Formula (9) of the cumulative value of the temperature difference between the design site and the original site can be obtained. Here, the cumulative temperature difference between case 5 and case 1 at a 0–7 m height range during the daytime period of 7:00–19:00 is calculated to be 1.49 °C. Then, according to the previous Formula (8), the total cooling efficiency of Case 5 is 1.41 × 108 J compared to case 1, which is converted into electric energy of 39.2 kW·h:


     Δ   T   =     ∫  0 h   [  Ty − Td ( h )  ]  dh       =     ∫  0 h  0.00004  h 2  − 0.0279 h + 0.2558      



(9)









4. Discussion


Planting and paving significantly affect the thermal comfort and cooling effects of coastal open spaces in summer. This influence is determined by the combined effects of the number and layout of these two elements. Based on the measured data and ENVI–met case, this study used the simulation method to analyze the effects of different planting and paving modes on the thermal comfort and cooling effect of coastal open space. We found that, in the coastal open space situation, increasing the arbor coverage produced more shadowed area, which can effectively reduce the site temperature. From the temperature distribution map of each case, the temperature in places with trees is generally lower. This result is consistent with previous research results. For example, the shading effect of trees was found to be the most prominent form of cooling effect during the day [31,32], increasing tree coverage was found to increase daytime boundary-layer cooling [33,34].



The cooling effect can be produced by plant ventilation ducts in the direction of the sea breeze. It was proved that the green space where trees form wind tunnels can achieve a better cooling effect [35]. This is consistent with the results of this study. No matter in which case, the calm wind area formed by plants or buildings will form high temperature points of the site, especially when the ground of these sites is paved rather than grassland. This is caused by strong solar radiation and ground heat reflection. Therefore, when carrying out landscape design, lawns should be planted in these locations as far as possible and should not be designed as venues for human activities.



Compared with the field wind tunnel planting mode, the increase of dense forests at the site air outlet can reduce the temperature more effectively. The planting coverage of case 5 is only 37%, while that of cases 6 and 7 is 50%. This shows that although the cool air above the sea in the southeast of the site needs a wind tunnel to enter the site, thus bringing about a cooling effect, the cooling effect of vegetation coverage may be stronger than that of wind. The wind tunnel brings better cooling effect, which is similar to the research results of streets. For example, when the wind direction is parallel to the street, an obstacle free wind tunnel can be designed to produce a cooling effect [36]. However, when it is perpendicular to the street, when the aspect ratio exceeds 0.7, it will produce a stable canyon vortex, which will bring negative effects to the thermal environment [37].



Significant cooling effect can be obtained by increasing pavement fragmentation. It is proven that in the case of the same pavement coverage, the average PET of the case with higher fragmentation can be 4% lower than the original site in the study. There are also many studies focusing on porous pavement, permeable pavement, pervious pavement, water-retaining pavements, etc. It was proven that the increase of road albedo by 0.4 can increase the average PET by 4.7 °C [38]. Due to the limited number of words, the study on pavement cooling failed to achieve the material step, and it is hoped that it can be supplemented in the future.



Compared with the current situation, the optimized planting and pavement combination method, which increases the cooling effect gradually from 9:00 to 15:00 in the time direction, and then decreases gradually from 15:00 to 19:00. The time period of 7:00 and 9:00 shows a warming effect. The reason for this phenomenon may be as follows. The higher tree coverage at night makes the heat of the site gather under the vegetation canopy and difficult to disperse into the air. The main factors that affect the temperature at noon are solar radiation and its heating of the Earth’s surface and the generation of long-wave radiation to heat the air. In addition, nighttime data were not used in this study. Previous studies confirmed that close planting has adverse effects on heat dissipation at night [39]. However, due to the limitations of the measurement conditions, nighttime measurements could not be carried out, making it impossible to fit and verify the nighttime data simulated by the software. In a follow-up study, we hope that nighttime data can be supplemented and completed by seeking cooperation from the local landscape department.



Due to the research conditions, this study still has some limitations. Only one common evergreen tree was measured and simulated, and a simulation study of deciduous trees, shrubs, and ground cover was not undertaken. Because there are almost no shrubs at the current site, it is impossible to obtain verification for a real situation. Our follow-up study will be supplemented by research on other similar open spaces along the coast of Qingdao.



In future research, we will further discuss the thermal storage of the site in winter based on the measured data in winter. In the winter, when northwest wind prevails, urban roads in the northwest of the site become heat sources. Will dense planting in the north trap hot air outside the site? Will the scattered pavement reduce heat radiation on the ground of the site? Will the landscaping case that cooled significantly during summer make the site colder than the surrounding area in winter? Research on the construction modes of planting and paving based on the goals of cooling in summer and heat storage in winter should involve long-term studies and analysis. In this way, landscape construction can play a better role in temperature regulation in urban construction.




5. Conclusions


The distribution of PET at pedestrian height in the simulation results fully shows the thermal environment, so the following conclusions are drawn.



The temperature of urban open spaces can be reduced by dispersed paving relatively. The landscape can be designed to ensure that residents have enough space to move around while reducing the scale of the paving on individual sites, so as to obtain a cooler activity area.



The UHI effect can be significantly mitigated by increasing arbor coverage. Wind tunnels should be set up on the windward side, and dense forests should be planted near the wind direction exit of the site, thus a good cooling effect could be achieved.



In terms of cooling efficiency, compared with the current situation, a better cooling effect generates by the optimized planting and paving combination during 9:00–18:00, and vice versa during 7:00–9:00. This may be related to the nocturnal heat release of plants. But the cumulative temperature of the optimized site is calculated to be 1.49 °C at a 0–7 m height range during the daytime period of 7:00–19:00. The total cooling efficiency is 1.41 × 108 J, which is converted into electric energy of 39.2 kW·h.



In conclusion, for the purpose of mitigating urban heat island effect, we provide landscape planning and design suggestions as follows:




	(a)

	
Decentralized pavement shall be used as far as possible for human activities, and large paved squares shall be avoided. At the same time, the paved square should not be set on the west side of the building or large sculpture facing the sea breeze, so as to prevent tourists from being exposed to extreme high temperature.




	(b)

	
The tree coverage shall be increased as much as possible, and at the same time, planting shall be used to form tunnels leading to the sea breeze direction in summer. Dense forests can be set at the sea wind outlet rather than the air inlet to increase the tree coverage, which is better than the cooling effect of pure wind tunnel planting.
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Figure 1. Image of the study area: (a) location of the study sites: Qingdao (36° N, 120° E); (b) the relevant part of Qingdao; (c) May Fourth Square (1–3: The three measuring points). 
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Figure 2. ENVI–met model schematic diagram. 
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Figure 3. Changes in the hourly mean values of the measured and simulated temperatures of the 3 measuring points over time. 
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Figure 4. Changes in the hourly mean value of the measured and simulated humidity values of the 3 measuring points over time. 
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Figure 5. PET distribution at a height of 1.4 m at 15:00. 
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Figure 6. Maximum/minimum/average PET at a height of 1.4 m at 15:00. 
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Figure 7. PET distribution ratio at a height of 1.4 m at 15:00. 
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Figure 8. Distribution of the mean temperature difference with height and time between cases 6 and 1. 
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Figure 9. Temperature difference between case 6 and 1 at a height of 3 m at 15:00. 
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Figure 10. Temperature difference between case 6 and 1 at a height of 0.2 m at 15:00. 
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Figure 11. Temperature difference between case 6 and 1 for the east–west section in the middle of the site. 






Figure 11. Temperature difference between case 6 and 1 for the east–west section in the middle of the site.



[image: Sustainability 14 15126 g011]







[image: Sustainability 14 15126 g012 550] 





Figure 12. Variation trend of daily average temperature differences with the section height of case 6 and 1. 
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Table 1. ENVI–met simulation initial condition setting.
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	Modular
	Parameter
	Values





	Modeling
	Geographical position
	36.06 N, 120.38 E



	
	Cells
	125 × 125 × 30



	
	Mesh resolution
	dx = 4 m, dy = 4 m, dz = 2 m



	
	Nesting
	5



	
	Nested grid properties
	Loamy



	
	Simulation date
	15 July



	
	Simulation duration
	06:00–18:00



	Meteorological
	Wind speed
	4.5 m/s



	
	Wind direction
	135°



	
	Air temperature
	Min: 26 °C, Max: 32 °C



	
	Humidity
	Min: 70%, Max: 86%



	Underlying surface
	Loamy soil
	Roughness: 0.015, Reflectivity: 0, Emissivity: 0.98



	
	Granite pavement
	Roughness: 0.01, Reflectivity: 0.4, Emissivity: 0.9
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Table 2. Plant modeling parameter settings.
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H

	
W

	
U

	
D

	
WR

	
R

	
CF

	
LAD1

	
LAD2

	
LAD3

	
LAD4

	
LAD5

	
LAD6

	
LAD7

	
LAD8

	
LAD9

	
LAD10




	
Unit

	
m

	
m

	
m

	
m

	
m

	

	

	
(m2/m3)

	
(m2/m3)

	
(m2/m3)

	
(m2/m3)

	
(m2/m3)

	
(m2/m3)

	
(m2/m3)

	
(m2/m3)

	
(m2/m3)

	
(m2/m3)






	

	
6

	
5

	
2

	
2

	
Default

	
0.3

	
C3

	
0.15

	
0.15

	
0.15

	
0.15

	
0.65

	
1

	
1

	
1

	
0.8

	
0.6








H: Height; W: Crown width; U: Under branch height; D: Root depth; WR: Root width; R: Leaf reflectivity; C: Carbon fixation.
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Table 3. Quantitative evaluation of simulated and measured values of temperature/humidity.
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Temperature

	
Humidity




	

	
Point 1

	
Point 2

	
Point 3

	
Point 1

	
Point 2

	
Point 3






	
R2

	
0.863

	
0.785

	
0.824

	
0.919

	
0.924

	
0.807




	
d

	
0.85

	
0.67

	
0.76

	
0.51

	
0.56

	
0.58




	
RMSEs

	
1.21

	
2.41

	
1.58

	
13.25

	
17.39

	
12.43




	
RMSEu

	
0.61

	
0.83

	
0.55

	
2.63

	
2.299

	
3.09




	
RMSE

	
1.35

	
2.55

	
1.68

	
13.5

	
17.54

	
12.81
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Table 4. Description of planting and pavement in seven cases.
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	No.
	Plane Figure
	Pavement Layout
	Planting Layout
	Arbor Coverage
	Row Spacing
	Remarks





	Case 1
	 [image: Sustainability 14 15126 i001]
	Current situation
	Current situation
	28%
	/
	Current



	Case 2
	 [image: Sustainability 14 15126 i002]
	Dispersed 1
	Current situation
	28%
	/
	Design



	Case 3
	 [image: Sustainability 14 15126 i003]
	Dispersed 2
	Current situation
	28%
	/
	Design



	Case 4
	 [image: Sustainability 14 15126 i004]
	Current situation
	Concentrated on the south side
	28%
	/
	Design



	Case 5
	 [image: Sustainability 14 15126 i005]
	Dispersed 2
	All interval planting
	37%
	10 m
	Design



	Case 6
	 [image: Sustainability 14 15126 i006]
	Dispersed 2
	Interval planting (South)
	50%
	10 m
	Design



	Case 7
	 [image: Sustainability 14 15126 i007]
	Dispersed 2
	Interval planting (North)
	50%
	10 m
	Design
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