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Abstract

:

As a major part of the urban green space system, street trees play a corresponding role in adjusting the thermal comfort of the environment and alleviating heat island effects. The correlation between the morphological structure and microclimate factors in the lower canopy of street trees was studied, using data that were captured with vehicle-borne LiDAR to model the morphological structure and geometric canopy features of six key street tree species in the built-up area of Zhumadian City, Henan Province. The regulating ability and differences of canopy geometry on cooling, humidification, shading, and Physiologically Equivalent Temperature (PET) were studied. Research shows that: (1) Canopy Volume (CV), Canopy Area (CA), Canopy Diameter (CD), and Tree Height (TH) have a linear negative correlation with air temperature, relative humidity, and luminosity. TH had significant effects on the air temperature and relative humidity (R2 = 0.90, 0.96), and CV and CD had significant effects on luminosity (R2 = 0.70, 0.63). (2) The oval-shaped plant (Platanus acerifolia (Aiton) Willdenow) had a strong cooling and shading ability, with an average daily cooling of 2.3 °C and shading of 318 cd/m2. The spire-shaped plant (Cedrus deodara (Roxb.) G. Don) had a strong ability to humidify, with an average daily humidification of 4.5%. (3) The oval-shaped and spire-shaped plants had a strong regulation ability on PET, and the daily average regulation values were 40.5 °C and 40.9 °C, respectively. (4) The CD of the oval-shaped plant had a significant effect on PET (R2 = 0.49), and the TH of the spire-shaped plant had a significant effect on PET (R2 = 0.80), as well as a significantly higher CV and Leaf Area Index (LAI) than other street tree species. Therefore, selecting oval and spire canopy-shaped plants with a thick canopy, dense leaves, and high CD and TH values as street trees can provide significant advantages in cooling, humidifying, and shading, and can effectively adjust human comfort in the lower canopy understory. This study is the first to apply LiDAR technology to the regulation of urban microclimate. The research results provide a theoretical basis and quantitative reference for street tree design from the perspective of outdoor thermal comfort evaluation and play a guiding role in the application of LiDAR to urban forestry research.
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1. Introduction


Street trees are a significant part of urban green space and can improve the microclimate of road spaces, providing benefits such as reducing air temperature, increasing relative humidity, attenuating solar and ground radiation, and improving ventilation. During the summer months, the average air temperature in the space under the street trees can be reduced by about 1.7–3.3 °C, compared with the ambient temperature in the open pavement space [1]. In the summer months in subtropical and tropical areas, an increase in tree planting area of 25% may effectively reduce the temperature by about 3.3–5.6 °C [2]. Additionally, the variation of spatial microclimate under street trees is also impacted by the tree species that are present [3]. The morphological structural characteristics of street trees may affect their cooling, humidification, and shading functions. CV, CA, and leaf density can promote canopy transpiration and reduce air temperature [4,5,6]. Canopy structure, leaf shape, and leaf color may affect visible and solar infrared light penetration levels [7]. Lastly, the cooling effect of small-leaved species is generally stronger than that of large-leaved species [8]. In contrast, canopy geometry is a significant factor in regulating microclimate and human comfort. Canopy shadows may not only reduce glare and prevent environmental diffuse reflection, but also may increase the heat exchange buffer layer between the vertical space of the building and the transverse space of the street, thereby reducing the temperature of the underlying surface, as well as reducing the wind speed [9,10]. At present, most research focuses on exploring the microclimate regulation ability of urban street trees in tropical and arid regions; research on the microclimate regulation of urban street trees in temperate regions is still insufficient [11,12].



Vehicle-borne LiDAR as an active remote sensing technology has been widely used in urban construction management. Compared with airborne LiDAR, it can perform a complete acquisition of surface feature information, which is conducive to the collection of morphological and structural information below the vegetation canopy. Vehicle-borne LiDAR point clouds can be used to obtain more accurate morphological and structural information of vegetation than airborne LiDAR, allowing the extraction of phenotypic parameter information such as LAI, in contrast with traditional field surveys of plant resources [13]. Popescu used local filtering techniques to separate trees from deciduous, coniferous, and mixed forests to extract individual tree structural parameters [14]. Hyyppa calculated the CV value of individual trees based on an extracted point cloud [15,16]. Li developed a top-down regional growth Point Cloud Segmentation (PCS) to segment complex mixed forests [17]. Tao used Comparative Shortest-Path (CSP) to verify its accuracy, and the segmentation accuracy was as high as 94% [18].



This study innovatively combines LiDAR technology to explore the impact and intensity differences of the morphological structure and canopy geometry of urban street trees in typical temperate regions on microclimate regulation. Based on LiDAR point cloud models of main roads in the high-density urban area of Zhumadian, the CV, CA, CD, TH, and Diameter at Breast Height (DBH) eigenvalues of six key street trees were extracted and their canopy geometric characteristics summarized. The microclimate characteristic values of air temperature, relative humidity, and luminosity in the lower space of street trees were obtained through field measurement, and the regulation effect of different morphological structure characteristics on microclimate factors was explored. Following this, the PET index measuring human comfort was used as the standard to quantify the intensity of microclimate regulation, and the regulation benefit of canopy geometric characteristics on PET index was discussed, providing a quantitative reference for selecting street tree forms with better human comfort in temperate regions.




2. Materials and Methods


2.1. Study Area


The study area is located in Zhumadian City, Henan Province (32°18′~33°35′ N, 113°10′~115°12′ E). Zhumadian City is a typical continental monsoon type semi-humid climate with four distinct seasons. Its annual average temperature is 14.8 °C~15.4 °C; precipitation is 850 mm~980 mm; wind speed is 1.8 m/s~2.4 m/s; and cumulative total solar radiation is 112~120 KWh/cm2 (Figure 1) [19]. Six typical main roads in the main urban area were selected, including: Tongda Road, Zhengyang Road, Leshan Avenue, Cedar Avenue, Yulan Road, and Landmark Avenue. Additionally, a control check (CK) was selected in an open space of Tianzhong Academy located on Landmark Avenue. Zhengyang Road and Leshan Avenue run north-south (N-S), while Tongda Road, Cedar Avenue, Yulan Road, and Landmark Avenue run east-west (E-W) (Figure 2). The street trees within the study area can all be classified as mature (≥10 years) and are planted in a linear arrangement. The selected road boundary conditions (aspect ratio, length, building density) are generally consistent throughout the study area.




2.2. Data Acquisition


2.2.1. LiDAR Point Cloud Data Acquisition


A vehicle-borne LiDAR mobile scanning measurement was carried out on a test road using the AS-900HL mobile scanning system with the RIEGL VUX-1 UAV laser scanner, and equipped with an Inertial Measurement Unit (IMU) and Global Navigation Satellite System (GNSS). The measurement enabled capture of the high-precision color point clouds of streets and surrounding buildings, the extraction of key plant features, and 3D modeling of the surrounding environment. The horizontal field of view of the laser scanner is 0°~360°, the 112 scanning frequency is 10–200 Hz, the accuracy is better than 10 mm, and the weight is 3.75 g. The scanner rotates around the direction of traffic to scan the street environment. The captured HDR panorama has a resolution of 6000 × 4000, reaching 24.3 megapixels. The operation of the vehicle-borne LiDAR is carried out automatically according to the fixed point, and the operator controls the scanning to ensure the accuracy of the data. 1. The LiDAR Delta2A completes the map construction and determines the running track. 2. The operator selects the starting point and the end point. Cross driving was carried out on the test area, and the route was set as a closed loop to prevent deviation from the scanning route. This is critically important, as deviation from the scanning route has been shown to cause high rates of missing point cloud information that can lead to data deformation [20]. 3. The multi-scan method is used to complete the scan within 4 h.




2.2.2. Measurement of Microclimatic Factors


According to the weather records of the local meteorological bureau in August 2021, the climatic factors of air temperature, relative humidity, and luminosity have rich diurnal changes, and local microclimate characteristics are obvious. The 1st, 5th, and 8th are the most typical, which can represent the climatic characteristics of the entire month of August. On 1, 5 and 8 August 2021, a period of clear weather and peak crowd activity (10:00–16:00) was selected for data collection. According to the existing forestry and garden plant survey and site review in Zhumadian city, 6 key street tree species were selected as the test objects (Figure 3), and the microclimate factors were measured according to the road corresponding to the planting of 6 tree species. An LM-8000 environmental measuring instrument was used to collect the air temperature, relative humidity, and luminosity data at the vertical height of 1.5 m from the ground at 7 measuring points, and black ball temperature data were collected with the JTR04 thermometer. The test height is set at 1.5 m where the human body is most sensitive to temperature and humidity, and air temperature and relative humidity are important factors that affect human comfort in environmental factors. The measurement location is in the space under the tree canopy in the middle of the road. In addition, the control point (CK) was set in the open space of Tian Zhong Academy of Landmark Avenue to facilitate the comparison of the differences in climatic factors of different tree species. During the sampling period, the actual measurement was performed once an hour. For each measurement, four groups of data were captured in four directions at the same measurement point. The measurement time of each group of data lasted 2–3 min, and the average value of each group of data was recorded [21]. Methodology for conducting microclimate research: The microclimate test is carried out according to the previous research standards. In this paper, the method of combining on-the-spot measurement, LiDAR scanning, and model simulation is used to study the road climate environment in Zhumadian city. It is mainly divided into four parts: 1. Field measurement of climate factors. 2. LiDAR scanning to extract tree species canopy information. 3. RayMan model to simulate human comfort value. 4. Data analysis. The basic parameters of each sampling equipment are shown in Table 1.





2.3. Data Processing


2.3.1. Morphological and Structural Characteristics of Street Trees


After the vehicle-borne LiDAR scan was completed, the original point cloud was processed by LiDAR360 software. The processing included several steps: 1. Denoising to remove redundant noise from the point cloud; the number of neighborhood points was set to 10, and the standard deviation multiple was set to 5, in order to improve the quality of the point cloud. 2. Ground point filtering to separate ground points from the point cloud; the grid size was set to 0.5, and the thickness of the ground point was set to 0.3. This provided a basis for the accuracy of the next step (the CSP algorithm). 3. Regional ground point classification to reclassify buildings within, ground, and plants point clouds. 4. Ground point normalization to remove the influence of topographic relief on point cloud elevation. 5. Use of the CSP algorithm to separate single trees from the overall street tree point cloud; the clustering threshold was set to 0.2, which controlled single tree detection and single tree canopy point cloud growth. The larger the value, the higher the segmentation efficiency, but too high affects the segmentation effect. The minimum number of clustering points was set to 500. This value mainly affects the growth of the point cloud of a single tree canopy. The smaller the value, the better the segmentation effect. By adjusting the two values, the optimal segmentation effect can be achieved. 6. After the single wood is divided, the information of the single wood is generated in a CSV table; followed by the extraction of CSV tables to include the morphological and structural parameters of single trees, including CV, CA, CD, TH, and DBH values [18]; and the manual correction of the separation results using seed point editing. 7. Obtaining the LAI value of tree canopy at each measuring point using the CI-110 canopy analyzer to supplement the CSV table.




2.3.2. Classification of Street Canopy Geometric Features


The street tree canopy in the study area exhibited varying geometric characteristics in the front, side, and top perspectives, creating a specific impact on the shade of the canopy [22,23]. According to the existing forestry and garden plant survey and site review in Zhumadian city, six tree species (Figure 3) of key street trees were selected as test objects [24]. Due to the morphological similarity among the major tree species, six different morphological tree species were selected based on both the trees’ garden ornamental characteristics, as well as the overall the number of each tree species within the study area. Following the selection of six key tree species, point cloud contour fitting was carried out for each species. The 100 points cloud files of the six street trees were extracted from the original point cloud model. LiDAR360 software was then used to raster and intercept three views of point cloud of each street tree, with each view then imported into Adobe Photoshop 2017 software using the planar pixel grid. The grid size was set to 30 × 30 pixels, with a geometric feature fitting carried out for each view of the street tree. Following this, the geometric feature contour each tree was drawn (Figure 4). The fitting results fit into a range of geometric categories: cylindrical (Cinnamomum camphora (Linn) Presl); oval (Platanus acerifolia (Aiton) Willdenow); semi-circular (Koelreuteria paniculata); spire (Cedrus deodara (Roxb.) G. Don); spherical (Magnolia grandiflora L.); and triangular (Liquidambar formosana Hance).




2.3.3. Quantization of Physiological Equivalent Temperature (PET)


PET refers to an indoor or outdoor temperature corresponding to the skin temperature and internal temperature of the human body reaching the same thermal state as that of a typical indoor environment. In simple terms, the higher the PET value, the hotter the weather. In this paper, PET was used as the evaluation index of spatial thermal comfort in the lower part of the plant. After the measured microclimate factors were input into RayMan1.2, time data, geographic data, personal data, clothing activity data, and Tmrt value were added to simulate the measured microclimate data (Table 2), and the PET index was obtained.



A RayMan Model


In this study, the RayMan model was used to simulate and calculate the PET value of each measuring point. This model is a micro-scale model developed by Professor Matzarakis Andreas and his team at the University of Freiburg, Germany, for calculating thermal comfort parameters [25]. It is used to calculate thermal radiation flux and to evaluate and simulate the thermal environment. By inputting meteorological parameters such as cloud cover, wind speed, air temperature, relative humidity, and human body information (such as the age, gender, height, and weight of the tested person), the PET value of the human body under different space–time conditions is calculated. (https://www.urbanclimate.net/rayman/introraymanpro.htm, accessed on 3 April 2021)




B Mean Radiant Temperature


Mean Radiant Temperature (Tmrt) is an important parameter for evaluating the thermal comfort of the human body, and it is also a necessary parameter for calculating the input of different thermal indices, including PMV, SET, and PET. Tmrt converts the physiological effects of short-wave and long-wave radiation fluxes in the environment on human beings into units of degrees Celsius, representing the uniform temperature of the environment around a hypothetical black body radiation. The calculation formula of Tmrt according to Lintp and Hienn [26] is:


   T  m r t   =          T g  + 273    4  +   1.10 ×   10  8   V a     0.6     ε  D  0.4          T g  −  T a         1 4    − 273  



(1)







Among them,    T g    is the black ball temperature (°C);    T a    is the air temperature;    V a    is the wind speed (m/s); and  D  is the black ball diameter (m) (D = 0.05 m in this study). According to previous studies, the emissivity of this paper is chosen to be 0.95 [27].







3. Results


3.1. Correlation Analysis between Morphological Structure Characteristics of Street Trees and Microclimate Factors


SPSS 22.0 was used to analyze the main microclimate factors of six street trees. The results showed that the influence of street trees on air temperature, relative humidity, and luminosity showed extremely significant differences (p < 0.01). The correlation analysis between morphological structure characteristics and microclimate factors (Table 3) showed that: CV, CA, CD, and TH were negatively correlated with air temperature, relative humidity, and luminosity (p < 0.05). There was no obvious correlation between DBH and air temperature, relative humidity, and luminosity. The linear regression analysis of morphological structure characteristics and microclimate factors showed that TH had a significant effect on air temperature and relative humidity, with an R2 of 0.90 and 0.96, respectively. CV and CD had significant effects on luminosity, with an R2 of 0.70 and 0.63, respectively (Figure 5).




3.2. Thermal Environment Analysis of Street Canopy Geometry


According to the analysis of the climatic factors of different morphological trees, different morphological tree species have obvious differences in air temperature, relative humidity, and luminosity. The air temperature generally showed a trend of first rising and then falling. Relative humidity showed a trend of decline after an initial rise, with the distribution of values as a whole tending to be “U” shaped. Luminosity showed a single peak distribution trend and then a decreasing trend. These three factors all reached the peak value or valley during 12:00–13:00 (Figure 6, Figure 7 and Figure 8). The oval plants showed the best performance in cooling and shading, with an average daily cooling of 2.3 °C, a humidification of 4.1%, and shading of 318 cd/m2; the plants with the best performance in increasing humidity were spire-shaped, with an average daily humidification of 4.5%, cooling by 2 °C, and shading of 307 cd/m2. The results show that the different morphological structure parameters of the plants themselves may lead to obvious differences in the cooling, humidification, and shading of the plants [28], which is consistent with the results of the correlation analysis in Section 3.1 above.




3.3. Analysis of Street Canopy Geometry Features and PET Index


The fitting relationship between plants with different canopy geometric characteristics and the PET index in the lower canopy space showed that (Table 4): the oval and spire-shaped plants had a strong ability to regulate PET, with daily average PET values of 40.5 °C and 40.9 °C, which were 1.2 °C and 0.8 °C lower than the average regulated PET values, respectively. The triangular plants showed a weak regulation ability to PET. The daily mean value of PET was 42.7 °C, 1 °C higher than the average adjusted PET value. From calculations of the average value of the morphological and structural characteristics of street trees (Table 5), it can be seen that the oval and spire shapes with a strong PET adjustment ability had high CV and LAI values. The CV and LAI values were 110 m3 and 1.90, respectively. Among them, the CV values of the oval and spire shapes were 2.80 and 1.33 times the average CV value, respectively, and the LAI value was 1.07 and 1.11 times the average LAI value, respectively. In addition, the morphological structure characteristics of the oval and spire-shaped plants that had a significant effect on PET were CD (R2 = 0.49) and TH (R2 = 0.80), respectively (Figure 9).





4. Discussions


4.1. Influence of Street Tree Morphological Structure Characteristics and Canopy Geometry on Thermal Environment


4.1.1. Influence of Street Tree Morphological Structure Characteristics on Thermal Environment


The TH of the air temperature, relative humidity, CV, and CD to the photometric were characterized by a significant negative correlation, and further explained the influence of the shape and structure of street trees on the microclimate factors that are displayed in ventilation cooling, shading, and humidification [29]. The TH of street trees had a significant impact on the wind environment in the lower space of the plant. Under the same CD, the increase in TH was conducive to improving the ventilation conditions in the lower space of the canopy, improving the air heat circulation and diffusion, and thus reducing the air temperature in the lower space [30]. CV and CD can be quantified as the three-dimensional volume of the canopy, which comprehensively reflects the ability of the canopy to absorb and refract solar radiation [31]. The canopy can effectively block and refract visible light, and a high CV value can reduce the light transmittance of the lower space of the canopy and reduce the luminosity value. At the same time, high CV and CD values can effectively expand the spatial projection area under the canopy when the solar radiation angle is constant [32]. The TH of the street trees affects the ventilation conditions of the lower space of the canopy, and the CV and CD affect the shadowing area of the canopy. This indicates that selecting tall street trees with thick canopies and dense branches and leaves can improve the ventilation conditions of the lower space of the canopy and improve the microclimate environment.




4.1.2. Influence of Street Canopy Geometry on Thermal Environment


This research demonstrated that oval and spire-shaped plants perform best in regulating a thermal environment. Oval-shaped plants affect cooling and shading effects, and spire-shaped plants affect shading effects. The main reason was that the cooling, humidifying, and shading effect of the plant was significantly positively correlated with the LAI value [33], where the higher LAI value of plants corresponded to significantly increased cooling effects. During the day, the plant leaves absorb solar radiation and convert the solar radiation into latent heat by transpiration, allowing plant leaves to effectively reduce the temperature within the lower space of the plant. The oval plants had a high LAI value, which also more effectively reduced the temperature of the lower space of the plant. In addition, the shading effect of plants is mainly achieved through the geometric characteristics of the canopy. Compared with other plants, the oval-shaped “big on the top and small on the bottom” type plants have higher CV and CD values, which can intercept 80–90% of solar radiation and more effectively improve the shading effect of the lower space of the plant [34]. Compared with other plants, the LAI value of the spire-shaped plant was relatively high, leading to increased transpiration as the ambient temperature increased. The unique geometric characteristics and the TH and LAI value of the spire shapes can limit the water loss through transpiration and keep the humidity in the lower part of the plant at a high level [35]. Therefore, the LAI, CV, and CD values of the plant itself and the geometric characteristics of the canopy play a unique role in cooling, humidifying, and shading, which is consistent with the results obtained in this paper. In selecting street tree species, it is helpful to note that oval and spire trees provide good cooling, humidification, and shading in summer.





4.2. Influence of Street Canopy Geometry on PET


Variation in plant morphology can affect the PET index by changing the air temperature, relative humidity, luminosity, and wind speed of the microclimate factors in the lower space of the tree canopy. The oval and spire-shaped trees had a strong ability to adjust to PET. The CD of the oval-shaped plants (R2 = 0.49) and the TH of the spire-shaped plants (R2 = 0.80) all had significant effects on PET (Figure 9). Compared with other street tree species, the oval shaped trees had higher LAI values. The oval and spire-shaped trees had obvious effects on the diurnal variation of temperature, humidity, and luminosity (Figure 6, Figure 7 and Figure 8). The difference in the geometry of the canopy layer on the street had obvious differences in the adjustment ability of PET: oval plants have strong lateral extension. When the TH is the same, a higher CD value leads to a larger shadowing area of the lower space of the plant, and in turn, a lower air temperature [34,36]. This is consistent with the significant effect of oval plants’ CD on PET that was observed in this paper. Most of the spire-shaped plants were coniferous trees, and the space below the canopy was generally more limited than other trees (which was not conducive to airflow diffusion) and had a weak ventilation capacity [30]. The spire-shaped plant can adjust the ventilation environment of the lower space of the plant by changing the TH value and increasing the humidity. This is consistent with the results that were obtained in this paper [37]. Peters E B found that the LAI of plants had a significant effect on the temperature in the lower space of the canopy, and trees with the same morphological structure and canopy geometric characteristics could produce a temperature difference of up to 6 °C due to differences in LAI [38]. For the oval canopy, the expansion of LAI could enhance the transpiration capacity of plants, increase the relative humidity of the air in the lower space of the canopy, and further improve thermal comfort [39,40]. Due to the characteristics of needle leaves, LAI amplification did not significantly improve leaf evapotranspiration, although it could significantly increase leaf density, enhance shading ability, weaken visible light penetration, and improve thermal comfort [22].





5. Conclusions


In summer, the morphological and structural characteristics and geometric canopy characteristics of plants had an impact on the thermal comfort of the lower space, and the six plants had significant differences in cooling, humidification, shading, and thermal comfort adjustment. The correlation analysis between plant morphological structure characteristics and microclimate factors showed that TH was significantly negatively correlated with air temperature and relative humidity (R2 = 0.90, 0.96), and CV and CD were significantly negatively correlated with luminosity (R2 = 0.70, 0.63). The oval-shaped plants had the ability to regulate microclimates, with an average daily cooling of 2.3 °C and shading of 318 cd/m2; the spire-shaped plants had a strong humidification ability, with an average daily humidification of 4.5%. The linear regression analysis on the geometric characteristics of plant canopy and PET showed that the geometric characteristics of oval-shaped and spire-shaped plant canopies had a strong regulation ability on PET, and the daily average regulation values of PET were 40.5 °C and 40.9 °C, respectively. The oval plants’ CD had a significant effect on PET with an R2 of 0.49, the spire-shaped TH had a significant effect on PET with an R2 of 0.80, and both showed high CV and LAI values.



In this paper, we focused on the correlation between plant morphological structure and microclimate factors in the main urban area of Zhumadian city in summer, with an analysis of the linear relationship between plant canopy geometry and PET. Based on the microclimate benefits of different plants, this research suggests that oval and spire-shaped plants with a thick canopy, dense leaves in summer, and high CD and TH values should be chosen in the selection of street tree species. On the one hand, it can serve as a reference for future research on different regions and different types of street trees to improve the thermal comfort of road space, and guide the selection of road tree species scientifically. On the other hand, the research proved that the application of LiDAR technology can quickly obtain high-density point clouds, extract plant information, provide data support for urban forestry to cope with extreme weather, and play a guiding role in the application of LiDAR technology to different scientific fields.
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Figure 1. Location analysis. 
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Figure 2. Test road point cloud quadrat. 
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Figure 3. Statistics of key tree species in Zhumadian City. 
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Figure 4. Three-view geometrical fitting of street tree. 
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Figure 5. Linear relationship between morphological structure characteristics. 
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Figure 6. Air temperature diurnal variation of the tree species (S1–S6). 
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Figure 7. Relative humidity diurnal variation of the tree species (S1–S6). 
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Figure 8. Luminosity diurnal variation of the tree species (S1–S6). 
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Figure 9. Linear relationship between canopy geometric features and PET. 
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Table 1. Test equipment.






Table 1. Test equipment.





	
Equipment Name

	
Measurement Parameters

	
Measuring Range

	
Measurement Accuracy






	
Luchang LM-8000 temperature, relative humidity, wind speed, and illumination four-in-one environmental measuring instrument

	
Air temperature

	
−100~1300 °C

	
±1%




	
Relative humidity

	
10~95%RH

	
±4%RH




	
Wind speed

	
0.4~30.0 m/s

	
0.1 m/s




	
Luminosity

	

	
0~2000 FC




	
JTR04 Black ball thermometer

	
Black bulb temperature

	
−20~125 °C

	
±0.5 °C




	
AS-900HL Mobile Scanning System

	
Canopy structure

	
120 m

	
±1 cm




	
CI-110 Canopy Analyzer

	
LAI

	
Adjustable viewing angle 150°, 180°

	
3,000,000 pixels
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Table 2. RayMan model input data.
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	Data Name
	Data Content
	Data Parameter





	Time data
	Simulation date, simulation time
	1 August 2021–3 August 2021



	Geographic data
	Location, latitude, and longitude
	Location: Zhumadian City, Henan Province, China; latitude and longitude 32°18′~33°35′ N,113°10′~115°12′ E



	Climate data
	Air temperature, relative humidity, wind speed, cloud cover, luminosity, average radiant temperature
	The air temperature, relative humidity, and luminosity are measured data, the wind speed is 0.1/s, the cloud cover is 1, and the average radiation temperature can be calculated by it



	Personal data
	Height, weight, age, gender
	Height: 175 cm; weight 75 kg; age 35 years old; gender: male



	Clothing activity data
	Clothing thermal resistance, activity
	Clothing thermal resistance 0.6, activity 120 W
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Table 3. Correlation analysis between morphological structure characteristics of street trees and microclimate factors.
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	CV
	CA
	CD
	TH
	DBH





	Air temperature
	Pearson correlation
	−0.182 *
	−0.238 **
	−0.278 **
	−0.228 *
	0.071



	Relative humidity
	Pearson correlation
	−0.156 *
	−0.194 *
	−0.236 **
	−0.250 **
	−0.005



	Luminosity
	Pearson correlation
	−0.281 **
	−0.213 *
	−0.142 *
	−0.177 *
	−0.158







**: Correlation is significant at 0.01 level. *: Correlation is significant at 0.05 level.
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Table 4. Diurnal variation characteristics of PET in plants with different canopy geometries.
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	Shape
	10:00–11:00
	11:00–12:00
	12:00–13:00
	13:00–14:00
	14:00–15:00
	15:00–16:00
	Average PET





	Cylindrical
	41.5
	42.1
	43.5
	42.3
	41.9
	40.5
	41.9



	Oval
	38.1
	39.8
	42.9
	42.8
	41.1
	38.7
	40.5



	Semi-circular
	39.3
	41.2
	44.4
	44.2
	42.6
	40.7
	42



	Spire
	39.8
	41.3
	42.7
	41.9
	40.9
	39.3
	40.9



	Spherical
	41.5
	42.6
	43.3
	43.1
	43
	40.4
	42.3



	Triangle
	39.4
	42
	45.3
	45.4
	42.3
	41.8
	42.7
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Table 5. Morphological structure characteristics of different tree shape.
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	Shape
	Average DBH/m
	Average TH/m
	Average CD/m
	Average CA/m2
	Average CV/m3
	Average LAI





	Cylindrical
	0.1
	2.8
	6.7
	17
	11
	1.75



	Oval
	0.30
	11
	15.6
	50
	231
	1.82



	Semicircle
	0.15
	5.1
	10.3
	15
	17
	1.65



	Spire
	0.18
	9.7
	13.4
	30
	110
	1.90



	Spherical
	0.15
	2.9
	6.9
	18
	18
	1.87



	Triangle
	0.20
	6.1
	10.1
	33
	108
	1.25
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