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Abstract

:

The urban heat island effect has become a widely concerning issue worldwide. Many researchers have made great efforts to improve the summer thermal comfort of urban street canyons by optimizing street greening. Relatively less research has focused on how to improve the thermal comfort of street canyons by optimizing street greening during cold days. Many researchers have proposed strategies to improve the summer thermal comfort of street canyons using road greening. This may have a significant negative impact on the winter thermal comfort of street canyons due to the lack of consideration of the impact on hot and cold days simultaneously, especially when the road green space is mainly composed of evergreen tree species. We aimed to explore the impacts of urban street greening on thermal comfort on hot and cold days at the same time. We used Zhutang West Road in Changsha, China, as an example and built six different models to explore the impacts of the street vegetation types, number of street trees, tree heights, crown widths, and Leaf Area Index on the thermal comfort of the street canyon. In addition, we also considered the impact of different building features and wind directions on the thermal comfort of the street canyon. We employed ENVI-met (version 5.5.1) to simulate different urban street greening models. The results show that the model with a high tree canopy density, tall trees, large and dense crowns, and sufficient building shade has good thermal comfort on hot days (the average physiological equivalent temperature (PET) is 31.1 °C for the study period) and bad thermal comfort on cold days (the PET is 13.3 °C) when it is compared with the other models (the average PETs are 36.2 °C, 31.5 °C, 41.5 °C, 36.2 °C, and 35.5 °C, respectively, on hot days and for other models). In addition, the model with a very large number of short hedges has a positive impact on thermal comfort during hot days (the PET is 31.1 °C). The PET value of another comparable model which does not have hedges is 31.5 °C. Even if the model with a small building area has good ventilation, the small building shade area in the model has a more obvious impact and the model has relatively good thermal comfort during cold days (the PET is 14.2 °C) when it is compared to models with bigger building areas (the PET is 13.9 °C). In summer, when the wind is parallel to the direction of the street canyon, the wind speed in the street canyon is high and the model has relatively good thermal comfort (the PET is 35.5 °C) compared with another model which has different wind direction and lower wind speed at the street canyon (the PET is 36.2 °C). In winter, when the wind is perpendicular to the direction of the street canyon, buildings and trees have a strong windproof effect and this is beneficial to the improvement of thermal comfort (the PET is 15.3 °C for this model and 13.9 °C for another comparable model). This research lays a solid foundation and encourages people to think about the impact of building and tree composition and configuration on the thermal comfort of street canyons during hot and cold days simultaneously.
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1. Introduction


Urban heat island effects and global warming have obvious negative impacts on thermal comfort and public health [1,2,3]. The Climate Change 2023 Synthesis Report of the Intergovernmental Panel on Climate Change (IPCC) indicates that from 2011 to 2020, the global surface temperature was 1.1 °C above that from 1850 to 1900. This includes a 1.59 °C increase over land and a 0.88 °C increase over the ocean [4]. Some researchers have pointed out that approximately 5 million deaths worldwide are associate with non-optimal temperatures per year. This accounts for 9.43% of the total number of deaths [5]. Planting trees is considered one of the most effective ways to improve the thermal comfort of urban street canyons during hot summer days [6]. However, this may not be a good way to improve thermal comfort in winter [7]. For better urban planning, planners should have a better understanding of the impact of street trees and buildings on the thermal comfort in street canyons [3].



Some researchers have studied the impact of street trees and buildings on the thermal comfort in street canyons during hot summer conditions [3,6,7,8,9,10,11,12]. Street trees can significantly improve the thermal comfort of the street canyon during hot days [6]. Li et al. (2023) considered the impact of street trees on thermal comfort and air pollution in street canyons on hot days. They found that a higher Leaf Area Index (LAI) and planting density could increase the concentration of PM2.5 but improve the thermal comfort in street canyons [8]. Cheng et al. (2022) explored the impact of tree canopy characteristics on human thermal comfort in street canyons. They found that for the same type of tree species, trees with higher LAI and crown width can be much more effective in improving thermal comfort. For the selection of tree species, LAI is an important factor to consider. Those trees with higher LAI tend to be more effective in improving thermal comfort [10]. Huang et al. (2020) found that tree canopies block solar radiation and influence wind speed. This can improve the summer thermal comfort [11]. Narimani et al. (2022) considered the impact of street orientation and tree species on thermal comfort on the streets. They pointed out that street orientation has less effect on improving the thermal comfort than tree cover [9]. Cui et al. (2023) found that if the street orientation and vegetation distribution are the same, when the aspect ratio (a ratio of building height to street width) [13] is 0.9, the thermal comfort of the street canyon is the best. Their research indicates that the same road greening features may have different effects on thermal comfort in different street canyon environments [13]. Cao et al. (2022) found that the impact of green space on the thermal comfort of streets was affected by the street orientation and aspect ratio [7].



The abovementioned aspects are more related to the component of street greening and buildings on thermal comfort. In addition, the spatial configuration of green space and buildings on thermal comfort has also been widely focused on [12,13,14,15]. For example, Ren et al. (2022) studied the impact of different tree coverage on thermal comfort and public health in street canyons. They found that the streets with a higher street tree coverage had a lower physiological equivalent temperature (PET) and better thermal comfort. In addition, they found people in areas with a higher street tree coverage had lower systolic blood pressure, diastolic blood pressure, and pulse rate during hot days [3]. Yang et al. (2018) found that if the street canyon is narrow, wind has a weak impact on thermal comfort. In this case, the shadows of buildings and trees can have a more significant impact on thermal comfort. Under the same lighting conditions, the shade generated by buildings and trees in east–west streets has a different effect on the thermal comfort of street canyons compared to the shade generated by buildings and trees in north–south streets. This is mainly because the city they studied, Xi’an, is located in the northern hemisphere, north of the Tropic of Cancer. Affected by the specific location of shadows generated by buildings and trees at different times throughout the day, the buildings and trees on the south side of the street can play a quite active role in improving the thermal comfort of the street canyon at many different times of the day, especially around noon. Thus, on the east–west streets, planting street trees near buildings had the best effect for the improvement of thermal comfort in street canyons. For north–south streets, the thermal comfort is better if the trees were planted in the middle of one side of the street. This is mainly because the buildings’ and trees’ shade improves the thermal comfort of the street canyon at many different times of the day [14]. Zheng et al. (2018) explored the thermal comfort of roads under different street configurations and tree distributions. They found that denser tree canopies were better for cooling and the interval between the trees was observed to have an optimal effect when it was equal to the canopy width [12]. Morakinyo and Lam (2016) explored the impact of a street’s tree layout on the thermal comfort in street canyons. They found the thermal comfort of a layout of two rows of trees is better than that of a layout of street trees in the center; proper ventilation is important for the improvement of the thermal comfort of roads; and vegetation is more effective in improving thermal comfort under calm vertical wind than strong skew wind [15]. Yilmaz et al. (2018) found that vegetation, public space layouts, street orientation, and the height and shape of the buildings can have a significant impact on the thermal comfort of street canyons. These factors need to be well considered when improving the thermal comfort of street canyons [16].



In winter, vegetations and the buildings can still have a significant impact on the thermal comfort of street canyons [17,18,19]. Cohen et al. (2012) pointed out that plants can reduce the air temperature during winter [18]. Cao et al. (2022) pointed out that street trees on pedestrian streets have an improvement effect on the thermal comfort of street canyons in summer and a deterioration effect on the thermal comfort of street canyons in winter [7]. Yilmaz et al. (2018) believe that deciduous trees should be given priority for improving the thermal comfort of street canyons because they can effectively block sunlight and fully utilize transpiration effects in the summer. In winter, due to the shedding of their leaves, their canopy no longer blocks sunlight from shining onto the street canyons. This is also beneficial for the thermal comfort of street canyons in winter [16]. Fan and Dong (2021) studied the thermal comfort of narrow urban street canyons in Shanxi, China. They found a “single-arch” tree-lined street canyon space had a good effect on summer thermal comfort. In addition, they found the street space can achieve good thermal comfort in winter due to reasonable coordination between the street trees and the building layout [19]. This indicates that not only the summer thermal comfort can be improved by optimizing the spatial configuration of the street canyon but also the winter thermal comfort. It is impossible to implement two different renovation plans simultaneously in the same street canyon area. In this case, a renovation plan that is beneficial for improving the summer thermal comfort of street canyons taking into account measures such as building shadows and the transpiration effect of street trees while also improving the winter thermal comfort of the street canyons considering measures like the use of buildings’ and street trees’ wind-blocking effects is very important.



Compared with the widely discussed urban summer thermal comfort challenges, people have focused less on urban winter thermal comfort improvement [20,21,22]. In addition, if people propose urban planning strategies for the improvement of the thermal comfort of street canyons only based on a single season, their strategies may not be good from the whole year’s perspective. We attempted to study the impacts of street tree configuration on the thermal comfort of street canyons during hot and cold days simultaneously. We tried to explore the impact of the urban street canyon layout on the thermal comfort. We will focus on the impact of street tree quantity, height, and canopy features (like leaf area density (LAD), crown width, crown height and canopy density) on the thermal comfort of the street canyon during hot and cold days. The LAD is defined as the total one-sided leaf area per unit volume [23,24,25]. In addition, we will also consider whether the impact of street trees on the thermal comfort of the street canyon may be different under different building features, wind speeds, and wind directions.




2. Material and Methods


2.1. Selection of the Study Time and Area


The scope of Changsha is 27°51′~28°40′ north latitude and 111°53′~114°15′ east longitude. It is located on the western margin of the Changliu Basin and far from the sea. Changsha is an important central city in the middle reaches of the Yangtze River in China and the capital of the Hunan province. By the end of 2021, the total permanent population of Changsha reached 10.2393 million [26]. According to the Köppen–Geiger climate classification updated by Beck et al. (2018), Changsha is located in Cfa of the climate classes, that is, temperate, hot summers without a dry season [27]. Its climate is a subtropical monsoon climate. It is hot in summer and cold in winter. In summer, it is often sunny continuously for several days. The sun shines fiercely and evaporation is strong. The average temperature is above 25 °C. The winter is short and cold, with an average temperature of 5–12 °C [28]. Evergreen is the main street tree type in Changsha [29]. We will use Changsha as a typical case to explore how to optimize the spatial form of street canyons in areas with hot summer and cold winter climate characteristics and evergreen trees as the main street trees. We aim to achieve the most favorable thermal comfort for hot and cold days. In this study, a section of Zhutang West Road within the scope of the Third Ring Road of Changsha was studied. The street trees in the selected road section are camphor trees. These are one of the most common street tree types in Changsha. The central urban area of Changsha is mainly composed of multi-story and high-rise buildings. The road section we selected has both high-rise and multi-story buildings on both sides, which are also very representative. Figure 1 shows the study area. We can see from the picture below that the sidewalk in this section is narrow, and the canopy of the street trees is large. The distance between the canopies of two adjacent street trees is relatively small and the street trees block the sun well.



In China, the lunar definition of four seasons is widely used [30]. Based on the lunar defining of the four seasons, the beginning of spring, summer, autumn, and winter have been dated consistently on 3–4 February; 5–6 May; 7–8 August; and 7–8 November of each year, respectively, for the last 10 years [31]. Thus, 13 May 2023 is a hot summer day and 16 December 2022 is a cold winter day. We conducted meteorological data collection using a Kestrel 5500 (Nielsen-Kellerman, Upper Chichester, PA, USA) in the Third Ring Road of Changsha City over 2 days, and used the measured data to represent the meteorological data within the Third Ring Road of Changsha City and further applied it to the research.



According to the China Meteorological Administration, a comfortable air temperature for people in summer is between 19 and 24 °C [32,33]. The air temperature we measured on 13 May 2023 from 8:00 to 18:00 was mostly higher than the highest comfortable air temperature for the human body, 24 °C. The weather was sunny and the air temperature was hot on 13 May 2023. It is necessary to fully utilize the cooling effect of road green spaces to effectively improve the thermal comfort of street canyons. This day belongs to a representative hot summer day. According to the China Meteorological Administration, the comfortable air temperature range for winter is between 12 and 22 °C [32,33]. The air temperature we measured from 10:00 to 19:00 on 16 December 2022 was below the minimum comfortable air temperature, 12 °C. The morning was relatively sunny, and the noon and afternoon were cloudy and windy. This day belongs to a representative cold winter day. In this case, measures to increase the air temperature of the street canyon can enhance the comfort of the street canyon.




2.2. Data Collection and Selection of a Thermal Comfort Index


We selected a Kestrel 5500 to collect data on the air temperature, relative humidity, wind direction, and speed in the study area. The Kestrel 5500 is a weather meter designed and produced by Nielsen-Kellerman in Boothwyn, PA, USA [34]. The accuracy of the Kestrel 5500 for the measurement of meteorological parameters is shown in Table 1 [35].



We collected the air temperature, relative humidity, wind direction, and wind speed data from fixed observation points located within the Third Ring Road of Changsha City from 8:00 to 18:00 on 13 May 2023, and from 10:00 to 19:00 on 16 December 2022. We used them as the meteorological data within the Third Ring Road of Changsha City during the research period. The instrument records data every minute. For the air temperature and relative humidity, we average the data measured within each hour and used it as the data for that hour. We used the average wind direction and speed throughout 8:00 to 18:00 on 13 May 2023, and 10:00 to 19:00 on 16 December 2022, respectively, as the input wind directions and speeds for the two different days. We used ENVI-met version 5.5.1 to conduct the simulation study since the full forcing mode in ENVI-met can report errors when the hourly wind speed and direction change considerably. This study chose the simple forcing mode for simulation due to the fact that the hourly change in wind direction and speed were relatively large in the measured data. The wind direction and speed throughout the entire research period were uniformly set as 225° and 0.42 ms−1 on 13 May 2023 and as 47.9° and 3 ms−1 on 16 December 2022. The air temperature and relative humidity data on 13 May 2023 are shown in Table 2. The air temperature and relative humidity on 16 December 2022 are shown in Table 3.



We judged the canopy diameter of trees using a Deli-EDL330060 mechanical roller diastimeter (Deli, Ningbo, China). The error between the measured and actual values of the roller diastimeter is less than 0.5% of the actual value [36]. We determined two points on the ground that could represent the positions of the two endpoints of the canopy and measured the diameter of the tree. We judged the crown width of trees on this basis. We randomly chose 12 trees in the study area. The canopies diameters of the 12 trees were measured and averaged as 9 m. The canopies diameter of the trees were uniformly set as 9 m in the simulation. We measured the heights of the 12 street trees using the direct reading height finder CGQ-1 from Huaguang Forests, Harbin, China. We judged that the height of most street trees in the study area were around 15 m. We uniformly set the street trees as 15 m in the simulation study. We analyzed the LAI of the 12 street trees using the HemiView plant canopy analyzer from Delta-T in Cambridge, the UK. The LAI is defined as the one-sided green leaf area per unit ground surface area [25,37]. We found that the average LAI of most street trees ranged from 1.8 to 3.6 m2m−2. The street tree canopies are sparse. Referring to the relevant sparse tree canopy information in ENVI-met and the canopy characteristics of the street canyon, the LAD of the street canyon was determined as 0.225 m2m−3.



PET was uniformly used to reflect thermal comfort in this study. It is defined as the corresponding air temperature when the skin temperature and internal temperature of the human body reach the same thermal state as the typical indoor environment in an indoor or outdoor environment [38]. We simulated the relevant microclimate data (mean radiant temperature, air temperature, relative humidity, wind direction and speed, etc.) in the study area using ENVI-met. We calculated the PET values using the BIO-met module in ENVI-met [39]. Elraouf et al. (2022) have verified the PET simulation results of ENVI-met are valid in their study [40]. This laid a solid foundation for future researchers to use ENVI-met to simulate PET values. The PET values for 13 May 2023 were calculated based on the default male summer clothing (male, 35 years old, height: 1.75 m, weight: 75 kg, outdoor: 0.50 clo, pre. speed: 1.34 ms−1, total metabolic rate: 86.21 W/m2). The PET value calculation for 16 December 2022 is based on the default male average clothing (male, 35 years old, height: 1.75 m, weight: 75 kg, outdoor: 0.90 clo, pre. speed: 1.34 ms−1, total metabolic rate: 86.21 W/m2). The heat balance equation below is its main basis [38]:


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



(1)







  M   is the metabolic rate;   W   represents the physical work output;   R   is the net radiation of body;   C   is the convective heat flow;     E   D     is the latent heat flow to evaporate water into water vapor diffusing through skin; and     E   R e     is the sum of heat flows for heating and humidifying the inspired air.     E   S w     is the heat generated by sweat evaporation.   S   represents stored heat.



By combining the following Formulas (2) and (3) with Formula (1), the core temperature of the human body, skin surface temperature, and clothing surface temperature can be calculated. These three indicators are the main indicators that determine the thermal sensation of the human body. After ascertaining these three indicators, people can know the human thermal sensation further [41,42].


    F   C S   =   v   b   ×   ρ   b   ×   c   b   ×     T   c   −   T   s k        



(2)







    F   C S     is the heat flow from the core of the body to the skin,     v   b     is the blood flow from the core of the body to the skin,     ρ   b     represents the density of the blood,     c   b     represents the specific heat capacity of the blood,     T   c     represents the core body temperature, and     T   s k     represents the skin surface temperature.


    F   S C   =   1 /   I   c l     ×     T   s k   −   T   c l        



(3)







    F   S C     is the heat flow from the skin surface to the clothing surface,     I   c l     represents the clothing thermal resistance,     T   s k     represents the skin surface temperature, and     T   c l     represents the clothing surface temperature.




2.3. Model Building and Simulation Analysis


From the perspective of a single tree, its height, crown width, and LAD have been highly valued by previous researchers when exploring the impact of trees on environmental thermal comfort [5,7,10]. From the perspective of the thermal comfort of the whole street canyon area, vegetation types, tree quantity, canopy density, ventilation, open space, building shadow, and wind direction and speed are some influencing factors on thermal comfort that have been highly valued by previous researchers [7,8,9,10]. In the past, researchers usually focused on the impact of these features on environmental thermal comfort only in hot or cold weather [3,4,5,6,7,8,9,10]. We explored the different effects of these factors on thermal comfort on hot and cold days at the same time by constructing different scenario models and conducting simulation analysis.



We used a Mavic Air 2 unmanned aerial vehicle designed and produced by DJI in Shenzhen, China, to take aerial pictures of the research area. We spliced the pictures using DJI Terra to form an orthograph. This can correct the geometric deformation of the pictures caused by sensors, external orientation elements, and terrain fluctuations. The shape of the orthograph is consistent with the actual situation. The scale of the different areas of the orthophoto map is consistent. The relevant orientations of each part in the orthophoto remain unchanged [43,44]. We first traced the contours of buildings and roads in AutoCAD 2008 and determined the positions of all kinds of plants in the picture. We imported the plan into SketchUp 2020 and built a three-dimensional model of the study area. Model 1 was built according to the actual conditions of the research area. The canopy of trees plays an important role in improving thermal comfort [45,46,47]. In order to better explore the different effects of tree canopy characteristics on thermal comfort, LAD, as an indicator of the leaf area per unit area, is explored to consider the different situations of tree canopy [48]. This study attempts to explore the differences in comfort level of street canyons under different LAD conditions. Street tree species is uniformly set as camphor tree for the model 1. This is one of the most common street trees in Changsha.



Xue and Li (2017) pointed out that the LADs of broadleaf trees usually range from 0.2 to 1.1 m2m−3 [49]. The studies of Turhan (2023) [50], Katul et al. (2004) [51], Chen et al. (2022) [45], Zhou et al. (2020) [52], Zhao et al. (2014) [53], Wu et al. (2016) [54], and Li (2012) [55] show the LADs of different trees are within this range. Among these studies, Zhao et al. (2014) [53]; Wang et al. (2018) [54]; and Li (2012) [55] explored the canopy features of Cinnamomum camphora and Platanus hispanica. For some studies which only provide LAI values, we refer to Lalic et al. (2004) [25] to determine the LAD based on the LAI. Based on the measured data and reference to other relevant studies [56,57,58], when the LAD of the street tree is 0.225 m2m−3, the canopy of the street tree is relatively sparse. Referring to the common range of broadleaf tree LAD values pointed out by Xue and Li (2017) [49], and combined with our actual measurement of the street tree LAI in different areas of Changsha, we ultimately determined that the LAD of a dense street tree model is uniformly set as 0.825 m2m−3. We built Model 2, which had the same feature as Model 1 except the LAD of street trees on both sides of the road was 0.825 m2m−3.



Due to the tight arrangement of street trees on the road section we are studying, it is difficult to further add street trees 15 m high and with a 9 m crown width on this basis. We selected street trees with a height of 5 m and a crown width of 3 m to construct Model 3. The trees are small. We arranged 5 m street trees whose number was near twice the number of those in Model 1 and built Model 3. These are the only differences between Models 1 and 3.



Different plant species can also have different impacts on the thermal comfort of the surrounding environment [59]. We constructed Model 4 with dense canopy trees and hedges. The hedge species was Ligustrum lucidum. This is a common hedge species in Changsha. Models 2 and 4 are almost the same except that Model 4 has hedges and Model 2 does not.



We considered rebuilding some low-rise buildings within Model 1 for the purpose of decreasing the floor area of the buildings. The building height remained unchanged. This can add air ducts. We named the amended model Model 5. We could explore the impact of the improvement of ventilation on thermal comfort in street canyons using Models 1 and 5.



We set different wind directions from Model 1 and constructed Model 6 based on it. We set the wind direction of Model 6 as 90° on 13 May 2023. This wind direction was parallel to the street direction. We set the wind direction of Model 6 as 180° on 16 December 2022. This wind direction was perpendicular to the direction of the street. Model 6 had different wind directions on summer and winter days. This was beneficial for the comparison of the thermal comfort of the street canyon under different wind directions.



The canopy width of all 15 m high street trees was set to 9 m, and the trunk height was set to 4 m. All 5 m high street trees had a uniform canopy width of 3 m and a trunk height of 1 m. When simulating based on meteorological conditions on 13 May 2023, the main differences among the six models are shown in Figure 2 and Table 4. When simulating based on meteorological conditions on 16 December 2022, the main differences among the six models are shown in Figure 3 and Table 5.



After the three-dimensional models of the study area were made in SketchUp, we used the INX plugin in SketchUp to determine the geographical coordinates of the study area, materials of the ground and buildings, and information on the plants in the area. We imported the models made in SketchUp into ENVI-met using the INX plugin. We entered the measured air temperature and relative humidity into ENVI-met. We used ENVI-met to simulate the microclimate conditions and BIO-met to simulate the PET.




2.4. Error Analysis


We analyzed the measured and simulated air temperature and relative humidity to explore the accuracy of the simulation. On 13 May 2023, the measurement point selected by us was a fixed point. The corresponding coordinate of the measurement point is (42, 43) in Model 1. After completing the simulation, we extracted the simulated air temperature and relative humidity of the observation point (42, 43) over 10 h. The height selected for reading the value of the simulation was 1.4 m. This was roughly consistent with the height of the Kestrel 5500 in the process of the actual measurement. The indicators selected by us were the coefficient of determination (R2), root mean square error (RMSE), and index of agreement (d) [60,61,62,63]:


    R   2   = 1 −     ∑  i = 1   N        P i − O i     2     /   ∑  i = 1   N          O  ¯  − O i     2        



(4)






  R M S E =    1   N     ∑  i = 1   N      ( P i − O i )   2         



(5)






  d = 1 −     ∑  i = 1   N      ( P i − O i )   2   /   ∑  i = 1   N          P i −   O  ¯    +   O i −   O  ¯        2          



(6)




in which   P i   is the i-th simulated value,   O i   is the i-th measured value,     O  ¯    is the average value of the measured values, and   N   is the number of measurements.



These three indicators have been widely used to analyze the accuracy of the simulation results in urban microclimate research [61,64,65,66]. The measured and simulated air temperature and relative humidity on 13 May 2023 are shown in Table 6. We made scatterplots to analyze the errors between the simulated values and measured values in Excel. The R2 between the measured and the simulated air temperature was 0.97, the RMSE was 0.55, and the d was 0.98. The R2 between the measured and simulated humidity was 0.96, the RMSE was 1.62, and the d was 0.99.



Except for using measured and simulated data at a height of 1.4 m for the error analysis, we chose a unified 1 m height for thermal comfort analysis in the study area. This height is relatively close to adults’ center of gravity height [67,68]. Creating a comfortable wind and heat environment involves attributing great importance to the thermal comfort of various parts of the human body at corresponding heights. This 1 m height for research can consider the feelings of various parts of the human body better [69,70].





3. Results and Discussions


3.1. Results


We further explored the impact of street greening on the thermal comfort of street canyons on hot and cold days based on existing research [3,6,7,8,9,10,11,12]. Some previous studies have focused on how one factor can maximize the improvement of thermal comfort in street canyons. For example, Huang et al. (2020) conducted research on the impact of different tree canopy covers on the thermal comfort of street canyons [11]. Our study considers many different ways to improve the thermal comfort of the street canyon simultaneously. These include using densely covered street trees to replace sparsely covered street trees, further increasing the number of street trees by selecting street trees with smaller tree heights and crown widths in limited street canyon spaces, and increasing the green space rate of the street canyon by adding low plants such as hedges or shrubs in narrow street canyons, to improve the ventilation effect of the street canyon. We tried to compare which method was more likely to significantly improve the thermal comfort of the street canyon. In addition, we also considered whether street greening would have different impact under different wind directions. Compared to previous studies that only focused on the impact of street greening on the thermal comfort of street canyons during hot days or cold days [12,20,71], this study considers the impacts of street greening on street canyons during both hot and cold days. This can help to improve the thermal comfort of street canyons more comprehensively. Compared to previous studies that only focused on thermal comfort indices such as the PET, Predicted Mean Vote (PMV), and Universal Thermal Climate Index (UTCI), or only focused on air temperature and relative humidity [7,72,73], this study considers the PET, mean radiant temperature, air temperature, relative humidity, and wind speed in the street canyon simultaneously. This helps to better explore the different impacts of different road greening characteristics on street canyons.



Deng et al. (2022) pointed out that in Changsha, when the PET value is between 24.7–27.8 °C, people will neither feel cold nor hot and the metabolic level of the body will be at its lowest level [70]. The average PET values of each model in each period are shown in Table 7 below. Figure 4 shows the average value of the PET in each model in the street canyon area.



The tree canopy is sparse (0.225 m2m−3) in Model 1, while the tree canopy is dense (0.825 m2m−3) in Model 2. This is the only difference between the two models. The average PET value in the street canyon in Model 2 is 4.6 °C lower than that in Model 1 during the 10 h. This can be attributed to a denser canopy being beneficial for fully utilizing the effect of transpiration, ventilation, and shade. This can improve the thermal comfort of street canyons in hot summer conditions [71]. This is consistent with the findings of Huang et al. (2020) on tree canopy research [11]. A dense tree canopy is beneficial for blocking sunlight [72]. The mean radiant temperature and air temperature of the tree shading area can be very low. Street trees can convert sensible heat into latent heat and release water vapor in to the air via transpiration and reduce air temperature [73]. Dense canopy trees can have a stronger transpiration effect than sparse canopy trees [74]. Dense canopy trees have better effects on increasing the relative humidity than sparse canopy trees. This is the main reason why the average relative humidity of the street canyon area of Model 2 was higher than that of Model 1. Street trees can achieve the effect of blocking wind through their canopy. Dense canopies have a stronger effect on blocking wind. When the wind speed is low, heat dissipation by the wind is also weak [75]. Although the wind speed in Model 1 is higher than Model 2, the mean radiation temperature and air temperature in Model 2 are both lower than in Model 1. In addition, the relative humidity of Model 2 is higher than Model 1. The mean radiation temperature and air temperature are believed to be the two most influential factors on human thermal sensation [72,75]. This can explain why Model 2 has a better thermal comfort than Model 1 even if the average wind speed of Model 1 is higher. Thus, improving the LAD characteristics of trees should be given priority in increasing summer thermal comfort.



The number of street trees in Model 3 is around twice that of Model 1. However, the trees in Model 3 have lower heights and crown heights than in Model 1. The canopy of the street tree in Model 3 is significantly smaller than that in Model 1. The canopy density of Model 3 is smaller than that in Model 1. In these 10 h, the average hourly PET value in Model 3 is 5.3 °C higher than that in Model 1. The PET values have the greatest difference at 16 o’clock, which is 7.4 °C. PET values have the smallest difference at 18 o’clock, which is 0.9 °C. The shadow area formed by trees is relatively small in Model 3. This results in a larger area of direct solar radiation. In addition, the transpiration effect is also weaker in Model 3 due to a short crown height and smaller canopy density. Trees with a lower canopy height have a better effect in blocking wind within the height range of 0–2 m [76]. There is an unfavorable heat dissipation environment in Model 3. Therefore, the average mean radiation temperature and air temperature in the street canyon area of Model 3 are higher than that of Model 1. The average relative humidity and wind speed in Model 3 are lower than those in Model 1. These contribute to the poor human thermal comfort in this model. Equally, 15 m street trees improve the thermal comfort in street canyons more significantly than 5 m street trees. This indicates that from the perspective of the canopy structure, tall plants with large canopy volumes have a much stronger effect on improving summer thermal comfort in street canyons than short plants with small canopy volumes. This is consistent with the noticeable negative correlation between crown width and air temperature pointed out by Huang et al. (2022) [10]. This also inspires urban designers to reasonably lay out tall street trees in street canyons based on the transpiration and shade characteristics of tall street trees.



We added a certain number of hedges in an open area on the basis of Model 2 and built Model 4. We can see from Table 7 and Figure 4 that Model 4 has the lowest PET value and the best thermal comfort. In Model 4, hedges block sunlight in the open space. This reduces the area affected by direct solar radiation. This can reduce the mean radiant temperature and air temperature in the open space area. Hedges can also increase the relative humidity due to transpiration. Low hedges can effectively block wind [76]. The average wind speed of Model 4 is smaller than that in Model 2. However, the hedges have weak effects on the wind due to their size and the low wind speed. Model 4 increased the relative humidity more efficiently than Model 1. This indicates that we can improve the thermal comfort in street canyons by adding hedges in the open area, but the effect is not obvious. The PET value in the street canyon area of Model 4 is only less than 1 °C lower than that in Model 2 each hour. The average PET value in the 10 hours is 0.38 °C lower. In a street canyon where the street trees are closely arranged, it is difficult for people to further increase the number of tall street trees. Setting low hedges in open areas can achieve a certain improvement in summer thermal comfort, which is an option to consider. However, its effect on improving summer thermal comfort is weak and will occupy a certain amount of open space. Whether to adopt this method to improve the summer thermal comfort of street canyons needs to be carefully considered based on the actual situation.



We considered demolishing some short buildings based on Model 1. We formed Model 5 with the same building heights and a smaller floor area than Model 1. The hourly average PET in the street canyon area in Model 5 slightly increased on the basis of Model 1. However, the difference between the corresponding values in the two models in each period was within 1 °C. The thermal comfort in the street canyon is deteriorated by reconstructing some large buildings into several small buildings even if this improves the ventilation. This is different from the findings found by some researchers that improving ventilation can achieve the effect of improving thermal comfort in hot summer conditions [77,78,79]. This does not mean that increasing ventilation will have a negative impact on the thermal comfort. On the one hand, due to the low average wind speed during the research period, the effect achieved by increased ventilation is not noticeable. On the other hand, demolishing some buildings can also lead to a reduction in the shadow area of the buildings. Some researchers have pointed out that thermal comfort can be significantly improved due to the shading effect of buildings [19,80,81]. Building shading is beneficial for reducing the mean radiation temperature [81]. The building area in Model 5 is relatively small. The shaded area formed by the buildings in the street canyon is also relatively small. This has a negative impact on the mean radiation temperature in the street canyon area. This is the main reason why the average mean radiation temperature of the street canyon area of Model 5 is higher than that of Model 1. The cooling effect achieved by demolishing some buildings to improve ventilation is sometimes weaker than the cooling effect achieved by blocking out sunlight and forming shaded areas [70]. The air temperature in shaded areas can be significantly reduced [74,81]. In addition, this can promote the flow of surrounding hot air into the street canyon [82]. This results in the relative humidity of the street canyon area in Model 5 being slightly lower than that in Model 1. Although the average wind speed in the street canyon area of Model 5 is slightly higher than in Model 1, the average mean radiation temperature and air temperature in the street canyon area of Model 1 are both lower than Model 5. The average relative humidity of Model 1 is higher than Model 5. The mean radiation temperature and air temperature are considered the two most influential factors that can affect human thermal sensation [72,75]. This can explain why the average PET value of Model 1 is lower than in Model 5. Therefore, the decrease in the building shadow area may have a negative impact on the thermal comfort of the street canyon.



We constructed Model 6 in the same way as Model 1 except for wind direction. The wind direction of Model 1 and Model 6 are 225° and 90°, respectively. It can be seen from Table 7 and Figure 4 that the average PET value in the street canyon area of Model 6 is 0.67 °C lower than the average PET value of Model 1 during the 10 h. This can be attributed to the fact that the wind blowing toward the roadway area in Model 1 will be blocked by buildings and roadside trees to a serious extent. This is not beneficial for reducing the air temperature [82]. The wind is parallel to the road direction in Model 6. The wind speed is high. A higher wind speed is also beneficial for increasing the relative humidity of the street canyon [82]. This is similar to what some researchers have found under suitable direction and speed winds [15,83,84,85].



We compared the simulation results of each model at 12 o’clock. Figure 5 is a plan view of the PET simulation results at a height of 1 m for each model. Each point within the simulation area has a specific PET value. The specific PET value of each point can be known based on the color of each point and the explanation of the PET value range in the legend section. The black area in the figure is the area where the building is located, so there is no specific PET value.



From the comparison of the simulation results in Model 1 and Model 2 in the picture below, we can see that the thermal comfort of the area under the trees is good compared with the surrounding environment. The PET under the street trees of Model 2 with a denser canopy is much better than that in Model 1. This is attributed to the fact that plants with a higher LAD can generate more significant transpiration and shade, improving the thermal comfort of street canyons in hot summer conditions [10].



The number of street trees in Model 3 is almost twice that in Model 2, but the canopy size of the street trees in Model 3 is significantly smaller than that in Model 2. Many small areas with good thermal comfort under the tree are formed in Model 3, but these areas are very small and the PET values are often 35.60–38.80 °C, which are much higher than those under the tree in Model 1 (29.20–35.60 °C) and Model 2 (below 29.20 °C).



The hedges in Model 4 are shown in green in Figure 5. This is the only difference between the two models. We can see from the picture that the thermal comfort in the area where the hedges are located is relatively poor. The PET values are often 42–48.4 °C, which is much higher than that (below 29.20 °C) in the area under the trees in Model 4. The effect of the hedges on thermal comfort is very limited. Tochaiwat et al. (2023) have already pointed out that tall trees always have a greater impact on the thermal comfort of the surrounding environment than shrubs [86]. This shows consistency even if they studied shrubs and we studied hedges.



The positions of the buildings in Model 1 and Model 5 are shown in the black area in the figure. By comparing the black areas in the simulation results of Model 1 and Model 5 in Figure 5, we can see that some buildings in Model 5 are relatively small, and more open spaces can help with the ventilation of street canyons. However, from Table 4 and Figure 5, we can see that the thermal comfort in Model 5 with more buildings with smaller floor areas is worse than that in Model 1. This street is an east–west street. At this time, the architectural shadow is on the north side of the building. By comparing the conditions of Model 1 and Model 5 in Figure 5, we can see that an area with good thermal comfort is formed in the area where the building shadow is located in the two models. In Model 5, the floor area of buildings on both sides of the road is smaller than that in Model 1 and the area with good thermal comfort in street canyons formed due to the building shadow is also relatively small. Rodríguez Algeciras and Matzarakis (2016) compared the effects of using ventilation and shadows to improve thermal comfort and found that using shadows to improve thermal comfort was more effective [87]. Our findings are consistent with this.



A wind direction of 90° was selected for the simulation of Model 6. The wind direction of Model 1 is 225°. This is the only difference between the two models. Compared with the impact of the LAD, crown width, and canopy density, the impact of the wind on the thermal comfort of street canyons is not quite as obvious. In Model 6, the wind blowing from the east (90°) can benefit the thermal comfort of the street canyon more due to a higher wind speed and lower blockage. In Model 1, the southeast wind (225°) is less effective in improving the thermal comfort of the street canyon, influenced by the barrier formed by buildings and trees to the wind blowing through the street canyon.



We found that the hourly average PET (Table 8 and Figure 6) in all six models was lower than the neutral PET range in Changsha (24.7–27.8 °C) pointed out by Deng et al. (2022) [70]. In this case, the closer the PET is to the neutral range, the weaker the feeling of cold in the human body.



The average PET value of Model 2 is 0.66 °C lower than Model 1 during the 9 h. The LAD is the only variable between the two models. We can find that the PET value in Model 2 is lower than that in Model 1 from 11 o’clock to 16 o’clock. This can be attributed to sufficient sunlight during the day, and the mean radiation temperature and air temperature of the sunlit area are generally higher than that of the shaded area formed by building and vegetation coverage [88]. From 17:00 to 19:00, it is almost dark. The tree canopy inhibits longwave radiative cooling [11]. This leads to a higher average mean radiation temperatures in the street canyon area in Model 2 than in Model 1 even if the average air temperature of Model 2 still lower than Model 1. The average PET of Model 2 is higher than Model 1 between 17 o’clock and 19 o’clock. The model with high LADs has a higher average relative humidity in the street canyon area [48]. Reducing the LADs of street trees is beneficial for improving the thermal comfort of street canyons during the daytime in winter. Our findings are consistent with the findings by Yang et al. (2022) that the higher the LAD, the more effectively the air temperature is reduced [14]. Model 2 with a dense tree canopy has a stronger wind resistance effect than Model 1. The average wind speed in the canyon area of Model 2 is lower. The change trend reflected by the PETs of Model 1 and Model 2 is closest to the change trend reflected by the mean radiation temperature of the two models. This also indicates that the mean radiation temperature is one of the most influential factors on human thermal sensation [72].



The average PET value of Model 3 is 1.51 °C higher than Model 1 during the 9 h. The PET in Model 3 is closest to the neutral PET range, and the human comfort is the best. This is opposite to the worst thermal comfort in Model 3 in summer. In winter, plants can increase the water vapor in the air through transpiration and block sunlight. This can make street canyons colder [71]. The transpiration caused by the smaller canopy of 5 m roadside trees is relatively weak, and there are relatively few areas that block sunlight. The lower canopy height is beneficial for blocking wind near the ground. This can explain why Model 3 has the lowest overall average PET. In colder weather conditions in winter, an increased air temperature is needed in the street canyon to improve the comfort level [75]. Model 3, with the lowest canopy density, has the highest average mean radiation temperature and air temperature in the street canyon area. This can be attributed to the mean radiation temperature and air temperature of the sunlit area being generally higher than that of the shaded area formed by building and vegetation coverage during the day [88]. In addition, short trees and a low canopy density have a weak transpiration effect [73]. Although the crowns of the street trees in Model 3 are smaller, the starting height of the crowns of the street trees in Model 3 are shorter. This is beneficial for blocking wind at the height of 0–2 m. We found that the average wind speed at a height of 1 m in the street canyon area of Model 3 is lower than that of Model 1. The high PET value of Model 3 can be attributed to its high mean radiant temperature and air temperature and low relative humidity and wind speed.



The impact of hedges on the thermal comfort of street canyons can be explored by comparing the simulation results of Models 2 and 4. The average PET value of Model 4 is almost the same as Model 2. Although the hedge in Model 4 can block out sunlight, this results in a smaller area of direct solar radiation. This can result in a lower mean radiation temperature [72]. The average mean radiant temperature of Model 4 is higher than that of Model 2 due to hedges inhibiting longwave radiative cooling from the surface [11]. Hedges can reduce the air temperature of the surrounding environment during winter days due to them blocking sunlight and having a transpiration effect [74]. The average relative humidity of Model 4 is higher than that of Model 2 due to the hedges also increasing the relative humidity due to transpiration [74]. Near the ground, 2 m hedges have a good wind blocking effect. The average wind speed of Model 4 is lower than that of Model 2. Reducing the wind speed is beneficial for the thermal comfort of the street canyon in winter [74]. In addition, the hedges are small in size, and this makes their influence weak. Although the street canyon area in Model 4 shows good thermal comfort during summer compared to Model 2, in winter, the hedges in Model 4 do not have a noticeable impact on the comfort level of the street canyon area.



The average PET value of Model 5 is 0.22 °C higher than Model 1 during the 9 h. Model 5 has a smaller building area than Model 1. This is more conducive to ventilation. In addition, Model 5 also has smaller shaded areas. Model 5 shows higher average PET values than Model 1. The mean radiation temperature and air temperature of the sunlit area is generally higher than that of the shaded area formed by the buildings [88]. The mean radiant temperature and air temperature of Model 5 is higher than those in Model 1. The average relative humidity of Model 5 is lower than Model 1. A larger area of direct sunlight can contribute to a lower relative humidity in Model 5 [89]. In cold winter, when there is strong wind in the area, their narrowness generates a more significant effect when the wind blows through street canyons. This leads to a rapid increase in wind speed in the street canyons [90]. Adding an open space at this time is beneficial for reducing the effect of the narrow space. This can be used to explain why the average wind speed in the street canyon area of Model 5 is lower than that of Model 1. The average mean radiant temperature and air temperature of the street canyon area of Model 5 is higher than those of Model 1. The relative humidity and wind speed of Model 5 are lower than Model 1. These can explain why the PET value of Model 5 is lower than Model 1. The overall comfort of Model 5 is relatively good in winter. Habib et al. (2015) also found that building shadows can have a significant impact on the thermal comfort of street canyons during hot and cold days. This also supports our viewpoint [91].



The average PET value of Model 6 is 1.33 °C higher than Model 1 during the 9 h. The only difference between Model 1 and Model 6 is the wind direction. The wind direction is 47.9° in Model 1 and 180° in Model 6. The simulated wind speeds in Models 1 and 6 are both 3 ms−1. This is much higher than the simulated wind speed on 13 May 2023. The better thermal comfort of Model 6 can be attributed to the good blocking effect of buildings on both sides of the street on the cold air blown. In Model 6, the wind direction is perpendicular to the street direction. The buildings and roadside trees on both sides of the street have a good wind resistance effect. The average mean radiation temperature and air temperature of the street canyon area of Model 6 re lower than in Model 1. This is consistent with the significant impact of the wind environment on the mean radiation temperature pointed out by Sangkertadi and Syafriny (2016) [92]. The effect of water evaporation is weak [93]. The average relative humidity in the street canyon area in this model is relatively low. The average wind speed of the street canyon area of Model 6 is lowest among the six models since buildings and trees play quite positive roles in blocking the wind in this model. This means that fully utilizing the wind resistance effect of buildings and trees is beneficial for improving the comfort level of street canyons in winter.



Figure 7 shows a plan view of the simulation results of each model within the study area at 17:00, 16 December 2022. On a cold winter day, it is necessary to increase the PET value of the street canyons to achieve the goal of improving thermal comfort. In general, the enclosed area formed by buildings and trees shows a relatively better thermal comfort than open areas at the outskirts of the research area. This shows the importance of buildings and trees in blocking the wind during cold and windy winter days. From the following figure, it can be seen that the areas with higher PETs in each model appear on both sides of the building. This is due to wind resistance. The areas where the road green space is located show a relatively lower PET value than the surrounding environment. Based on the analysis of the average PETs of the street canyon areas in the six models, we did not find warming effects of the green space in winter as pointed out by some researchers [94,95,96]. Although street trees can decrease winter thermal comfort by blocking sunlight and transpiration [57,58], their effect on blocking the wind should not be neglected. Buildings can effectively block wind blowing from the south (180°) into the street canyon. The thermal comfort in the street canyon of Model 6 is better than Model 1 with a wind direction of 47.9°. Model 6 shows a larger area of relatively good thermal comfort (PET 12–13.6 °C) than Model 1. This indicates to us that we can think more about how to improve the winter thermal comfort of the street canyon by optimizing the building layout as well as the building–tree arrangement.




3.2. Discussion


Table 9 shows the advantages and disadvantages of the building and tree features in relation to the thermal comfort of the street canyon area during hot and cold days. Although the dense distribution of road green spaces may effectively block sunlight and increase moisture on hot days, this type of green space layout may worsen the thermal comfort of the street canyon due to its good cooling effect on cold days. The buildings and green spaces in the street canyon area need to be considered simultaneously to form an optimal street canyon spatial form and achieve good thermal comfort throughout the year.



Whether in hot or cold weather, street trees have a certain cooling effect. Street trees with high tree heights and large and dense canopies can have a good cooling effect in summer and are beneficial for summer thermal comfort. However, such street trees are not conducive to improving winter thermal comfort in the street canyon. When the street trees in the street canyon are short, with small and sparse tree crowns, the street canyon has relatively good thermal comfort in winter, while the street canyon has poor thermal comfort in summer. Given that evergreen trees can produce good cooling effects in both summer and winter, prioritizing deciduous trees for street trees in hot summer and cold winter areas is beneficial for improving the comfort of hot and cold weather.



A reasonable arrangement of a certain number of short hedges can achieve cooling effects in summer by blocking sunlight and transpiration. In winter, low hedges can provide excellent wind protection at pedestrian heights. The wind-proofing effect of hedges can also weaken the cooling effect of the street canyon area affected by the environment. We suggest arranging low hedges in open areas to fully utilize their potential.



The existence of certain open spaces between buildings can facilitate ventilation. A well-ventilated environment is conducive to cooling. The design of tall buildings with large building base areas is more conducive to forming building shadows to block sunlight in summer and improve thermal comfort. In cold weather, the building can generally produce good wind resistance, making the thermal comfort of the street canyon area superior to other open spaces. However, having a certain amount of open space between buildings is also beneficial for increasing the area with direct sunlight, which may further increase the temperature of the street canyon area and improve the thermal comfort of the street canyon in winter.



Considering this, we should reduce the air temperature of the street canyon on hot days to improve the thermal comfort, while increasing the air temperature in winter to improve the thermal comfort of street canyons. We believe that there is no spatial pattern of street canyons that can achieve the goal of reducing the temperature as much as possible in summer and increasing the temperature as much as possible in winter. We believe that improving the thermal comfort of the street canyon on hot and cold days by improving the green space and buildings on both sides is more of a trade-off, that is, trying to have a greater positive impact on the thermal comfort of hot or cold days while minimizing the negative impact on the thermal comfort of cold or hot days. Our research is beneficial for guiding future researchers to consider how to fully utilize various cooling and heating conditions and make the overall thermal comfort of the street canyon better throughout the year. Due to differences in conditions like annual average temperature, dominant wind direction, street direction, street width, building height, and street tree species among different street canyons, there is no single good street canyon spatial form that can suit all street canyon areas.





4. Conclusions


It is important to improve the thermal comfort of urban street areas which many people pass by every day. Many researchers have conducted research on how to improve the thermal comfort of street canyons [3,6,7,8,9,10,11,12,19,20,21]. Many studies only focus on improving the summer or winter thermal comfort of street canyons. We selected a section of Zhutang West Road in the central urban area of Changsha for our research. We used the microclimate simulation software ENVI-met 5.5.1 to construct different models for comparative simulation research. Camphor trees as an evergreen tree species was selected as the main street trees for the research. We selected PET as the thermal comfort indicator. In addition, we also analyzed the corresponding mean radiant temperature, air temperature, relative humidity, and wind speed. We selected a hot day (13 May 2023) and a cold day (16 December 2022) to study. We found that on the hot day, Model 2, which had tall trees, large canopies, and dense leaves, could effectively cool down the street canyon by blocking sunlight and having a transpiration effect. The average PET value of this model is 31.5 °C. This is lower than the PET value of Model 1 with tall trees and large and sparse canopies (36.2 °C) and Model 3 with a large number of short street trees with small crowns, and sparse leaves (31.1 °C). Short trees have a certain cooling effect, but this is weaker. Our simulation did not achieve the expected goal of adding open spaces to improve ventilation to enhance summer thermal comfort in the street canyon. Model 5 with a smaller building base area and better ventilation has almost the same thermal comfort condition as the model with a greater building base area and poor ventilation. The average PETs of the two models are both 36.2 °C. This is due to the decrease in the building shadow area for Model 5 and this is not beneficial for the thermal comfort. This also indicates that when exploring the improvement of the spatial structure of the street canyon to improve thermal comfort, building shadows and ventilation effects are two factors that need to be considered simultaneously. The wind parallel to the direction of the street canyon promotes wind flow through the street canyon due to lower barriers. This is beneficial for the thermal comfort of the street canyon in summer. This can be used to explain why Model 6 with a wind direction parallel to the street can have a lower PET value than Model 1 with a wind direction of 225°. The average PET value of Model 6 during the study period on 13 May 2023 was 35.5 °C and the value was 36.2 °C for Model 1. In winter, tall trees, large canopies, and dense leaves still have a significant cooling effect in Model 2. This cannot achieve the goal of improving the thermal comfort of street canyons. On the contrary, the short, small, and sparse roadside trees in Model 3 have a weaker transpiration effect. This results in smaller shadow areas that block sunlight. In addition, tree crowns also have a certain degree of wind resistance. The average PET value of Model 2 during the study period was 13.3 °C and the value was 15.4 °C for Model 3. The overall thermal comfort of the models with small trees and hedges in the street canyons were relatively good. By demolishing some buildings in the street canyon, open spaces can be added. This is beneficial for reducing the shadow area of buildings and improving the thermal comfort of the street canyon in winter. In addition, increasing the open space on both sides of the road can be beneficial for weakening the effect of narrow, reducing wind speed, and improving the thermal comfort of the street canyon. Blocking the wind blowing into the street canyon through building spaces is beneficial for reducing the wind speed and improving the thermal comfort of the street canyon in winter. These factors can be used to explain why the average PET value of Model 5 (14.2 °C) was higher than the average PET value of Model 1 (13.9 °C).



Our comparative research confirms that street canyon green space and building layouts that have good cooling effects on hot days also produce good cooling effects in cold days. This results in relatively poor thermal comfort in the street canyon in winter. We argue it is quite important to highly value the impact of building and tree layouts on the thermal comfort of street canyons on hot and cold days at the same time, especially for those cities with hot summers and cold winters. We should make trade-offs among different street canyon spatial patterns based on the thermal comfort of the street canyon during hot and cold days at the same time. We should try to maximize the advantages and minimize the disadvantages. Since different street canyon environments have different specific situations, like dominant wind directions and speeds, building heights, street widths, tree canopy densities, and so on, no one optimization strategy can suit all different environment. We suggest following research highlighting the thermal comfort on hot and cold days at the same time and formulating an optimization strategy based on the specific situations for different street canyons.
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Figure 1. Picture of the study area. 
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Figure 2. A schematic diagram to compare the differences between Models 1–6 on 13 May 2023. 
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Figure 3. A schematic diagram to compare the differences between Models 1–6 on 16 December 2022. 
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Figure 4. The average PET values in the street canyon area of each model at different times on 13 May 2023. 
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Figure 5. Simulation results of PET values in each model at 12:00, 13 May 2023 (In the figure, the black area represents the area occupied by buildings, for which a PET value is not available). 
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Figure 6. The average PET values (°C) in the street canyon area of each model at different times on 16 December 2022. 
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Figure 7. Simulation results of PET values in each model at 17:00, 16 December 2022. 
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Table 1. Measurement accuracy of Kestrel 5500.
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	Meteorological Parameters
	Air Temperature
	Relative

Humidity
	Wind Speed
	Wind Direction





	Accuracy
	0.5 °C
	2% RH
	Larger than 3% of reading, least significant digit, or 20 ft/min
	5°










 





Table 2. Summary of measured meteorological data on 13 May 2023.
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	Time
	Air Temperature

(°C)
	Relative Humidity

(%)





	08:00:00
	20.8
	76.7



	09:00:00
	22.4
	67.5



	10:00:00
	23.9
	61.6



	11:00:00
	25.7
	56.8



	12:00:00
	26.1
	54.0



	13:00:00
	27.1
	52.0



	14:00:00
	27.2
	49.4



	15:00:00
	26.9
	50.3



	16:00:00
	27.0
	52.0



	17:00:00
	26.6
	53.4



	18:00:00
	25.8
	58.3










 





Table 3. Summary of Measured Meteorological Data on 16 December 2022.
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	Time
	Air Temperature

(°C)
	Relative Humidity

(%)





	10:00
	8.7
	69.9



	11:00
	8.2
	68.5



	12:00
	7.7
	70.2



	13:00
	7.8
	65.3



	14:00
	7.7
	62.4



	15:00
	7.6
	60.5



	16:00
	7.5
	57.0



	17:00
	7.5
	55.7



	18:00
	7.7
	54.9



	19:00
	8.0
	52.5










 





Table 4. A table which compares the differences of the six models on 13 May 2023.
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	Model 1
	Model 2
	Model 3
	Model 4
	Model 5
	Model 6





	Street tree height (m)
	15
	15
	5
	15
	15
	15



	Crown width (m)
	9
	9
	3
	9
	9
	9



	Street tree numbers in the study area
	36
	36
	71
	36
	36
	36



	Leaf area density (m2m−3)
	0.225
	0.825
	0.225
	0.825
	0.225
	0.225



	Hedge area (m2)
	0
	0
	0
	40
	0
	0



	Building area (m2)
	4060
	4060
	4060
	4060
	3672
	4060



	Wind direction
	225.0°
	225.0°
	225.0°
	225.0°
	225.0°
	90.0°
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	Model 1
	Model 2
	Model 3
	Model 4
	Model 5
	Model 6





	Street tree height (m)
	15
	15
	5
	15
	15
	15



	Crown width (m)
	9
	9
	3
	9
	9
	9



	Street tree numbers in the study area
	36
	36
	71
	36
	36
	36



	Leaf area density (m2m−3)
	0.225
	0.825
	0.225
	0.825
	0.225
	0.225



	Hedge area (m2)
	0
	0
	0
	40
	0
	0



	Building area (m2)
	4060
	4060
	4060
	4060
	3672
	4060



	Wind direction
	47.9°
	47.9°
	47.9°
	47.9°
	47.9°
	180°










 





Table 6. Measured and simulated air temperature values on 13 May 2023.
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	Time
	Measured Air Temperature

(°C)
	Simulated Air Temperature

(°C)
	Measured Relative Humidity

(%)
	Simulated Relative Humidity

(%)





	08:00
	20.8
	20.7
	76.7
	75.5



	09:00
	22.4
	23.0
	67.5
	67.8



	10:00
	23.9
	23.9
	61.6
	62.6



	11:00
	25.7
	24.7
	56.8
	59.2



	12:00
	26.1
	25.5
	54.0
	56.1



	13:00
	27.1
	26.2
	52.0
	53.5



	14:00
	27.2
	26.6
	49.4
	51.6



	15:00
	26.9
	26.7
	50.3
	50.9



	16:00
	27.0
	26.6
	52.0
	51.6



	17:00
	26.6
	26.2
	53.4
	52.9



	18:00
	25.8
	25.5
	58.3
	55.4










 





Table 7. The average PET values (°C) of each model in the street canyon area at different times on 13 May 2023.
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	Time
	Model 1
	Model 2
	Model 3
	Model 4
	Model 5
	Model 6





	09:00
	33.5
	29.2
	39.5
	28.9
	33.6
	33.0



	10:00
	36.1
	30.4
	42.0
	30.1
	36.2
	35.5



	11:00
	38.7
	32.9
	43.5
	32.5
	38.7
	37.9



	12:00
	40.1
	34.2
	45.1
	33.9
	40.1
	39.3



	13:00
	41.3
	34.8
	46.9
	34.4
	41.3
	40.5



	14:00
	41.3
	34.8
	47.5
	34.4
	41.4
	40.6



	15:00
	39.8
	34.9
	46.5
	34.5
	39.9
	39.1



	16:00
	35.4
	31.8
	42.8
	31.3
	35.5
	34.7



	17:00
	30.2
	28.0
	34.7
	27.4
	30.3
	29.6



	18:00
	25.3
	23.9
	26.2
	23.7
	25.3
	24.8










 





Table 8. The average PET values (°C) of each model in the street canyon area at different times on 16 December 2022.
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	Time
	Model 1
	Model 2
	Model 3
	Model 4
	Model 5
	Model 6





	11:00
	17.7
	16.3
	20.7
	16.3
	18.1
	19.5



	12:00
	17.8
	16.3
	20.8
	16.3
	18.1
	19.6



	13:00
	17.1
	15.7
	20.1
	15.7
	17.5
	18.9



	14:00
	15.8
	14.7
	18.5
	14.7
	16.1
	17.4



	15:00
	14.2
	13.6
	15.7
	13.6
	14.4
	15.6



	16:00
	12.1
	12.0
	12.6
	11.9
	12.3
	13.2



	17:00
	10.3
	10.4
	10.3
	10.4
	10.4
	11.2



	18:00
	10.2
	10.3
	10.2
	10.3
	10.3
	11.0



	19:00
	10.2
	10.2
	10.1
	10.3
	10.2
	11.0










 





Table 9. A comparison between different tree and building features on the thermal comfort of the street canyon during hot and cold days.
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	Advantages
	Disadvantages





	Tall trees, large crown high canopy density, and LADs
	Beneficial for decreasing air temperature and improving thermal comfort during hot days.
	Play a quite active role in the reduction in air temperature and deteriorates thermal comfort during cold days.



	Short and sparse hedges
	Reduced air temperature and increased moisture due to hedges are beneficial for hot day thermal comfort improvement. Wind-resistant effects of hedges are beneficial for winter thermal comfort improvement.
	Even if they are quite active in wind proofing and this is beneficial for thermal comfort during cold days, their transpiration effect can reduce the air temperature.



	Buildings
	Form building shadows and this is quite helpful for thermal comfort improvement during hot days. The wind-proofing effect of buildings can make the thermal comfort of the street canyon area better than other open spaces, which are heavily influenced by winds.
	Even if buildings have a good wind-proofing effect and make the thermal comfort of the street canyon generally good during cold days, the building shadow area still has a lower temperature than areas with direct sunlight in the street canyon.



	Areas with direct sunlight and without building or tree shadows
	Good sunlight conditions are beneficial for the improvement of thermal comfort in the street canyon area during cold days.
	Sunlit areas can have worse thermal comfort than shadowed areas during hot days.



	Wind environment
	On hot days, wind can play an active role in thermal comfort improvement. Thus, if the wind direction is parallel to the street and the wind speed is high, this is beneficial for the thermal comfort of the street canyon.
	On cold days, wind can the reduce air temperature and deteriorate thermal comfort. Thus, if the wind direction is perpendicular to the street and the wind speed is low, this is beneficial for the thermal comfort of the street canyon.
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