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Abstract 

Trees have significant shading and cooling effects because of their crowns. This study 

investigated the cooling effects of their crown attribute on urban microclimate adjustment and 

thermal comfort improvement. These attributes included the ratio of crown diameter to 

branching position height (D/PH) and crown porosity, which were measured using the leaf 

area index and leaf gap ratio. Field measurements and a questionnaire survey were conducted 

in two urban parks in Deyang, a heavy industrial city in China, with a subtropical climate. 

D/PH had a significant microclimatic impact, which was evident in its strong correlation with 

mean radiant temperature and thermal sensation vote. On hot summer days, increased D/PH 

from 0 to 8 could help decrease mean radiant temperature by approximately 15 °C while 

improving thermal sensation from 2 (warm) to 0 (neutral). The microclimatic effect of crown 

porosity was found to be insignificant, since few gaps in the crown were found in the leafy 

season. The results provide important directions for urban planning and landscape design in 

terms of plant selection for improving the urban microclimate.  
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Highlights: 

 Trees have significant cooling effect resulting from the crowns;

 The ratio of crown dimension to branching position height (D/PH) plays a key role;

 Increasing D/PH from 0 to 8 can decrease MMRT (mean radiant temperature) by

15 °C;

 High D/PH can also improve human thermal comfort.

1. Introduction

Urban inhabitants of middle and low latitude areas (below 60°) typically experience thermal 

stress due to urban climate degradation. The degradation results from urban heat island effect  

and continuous global warming (Yang and Bou-Zeid, 2018). This is a severe problem for 

more than half of global residents living in urban areas currently (United Nations, 2014). Poor 

climate affects the inhabitability of cities in many respects, including thermal discomfort 

(Zeng and Dong, 2015), health problem (Tan et al., 2010), and fire disaster (Readfearn, 2020). 

For artificially mitigating heat stress, people need to rely on electronic cooling equipment, 

which increases energy loads (Skelhorn et al., 2016). Many researchers have explored a 

variety of elements relevant to urban microclimate adjustment. Vegetation, such as trees, 

plays a significant role in temperature reduction and improves the urban thermal comfort. 

Trees are a complex species in biology with many characteristics, which might cause cooling 

performance variation. Previous studies have investigated trees in various aspects and most of 

them have confirmed the cooling effective of trees. Generally, tree cooling intensities varied 

for species (Morakinyo et al., 2017), largely due to the crown variation. Tree crown plays a 

key role in the cooling performance (de Abreu-Harbich et al., 2015). Colour and shape 

evaluating crown traits were found cooling correlated (Rahman et al., 2020); their effects 

were even functional on the ground surface (Speak et al., 2020). Proper planting and 

arrangement might maximise trees’ cooling performances (Langenheim et al., 2020). In 
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addition, WinSCANOPY (Regent Instrument Inc.) is usually used in the study of tree crown 

features, including sky view factor (SVF) and leaf area index (LAI) (Regent). The two crown 

features help to evaluate canopying degree and leaf density (conditions) that have been found 

cooling correlated in many studies (Lin et al., 2012). Meanwhile, tree cooling performances 

also help to reduce the reliance on air conditioners (Kumakura et al., 2019). 

Previous studies focusing on tree’s cooling effects have pointed out that places with higher 

tree cover (with lower SVF and higher LAI) were usually cooler (Teshnehdel et al., 2020). 

Nevertheless, it is necessary to explore more tree crown features in relation to their cooling 

effect and microclimate adjustment. Trees with different morphological characteristics 

including height, crown size, leaf density etc., have been explored and evaluated in relation to 

the microclimate adjustment as well as thermal comfort perception (Speak et al., 2020). 

Nevertheless, some critical aspects were yet fully investigated, e.g. a geometric evaluation of 

crown canopy intensities. This study investigated the impact of tree crown geometry 

characteristics on their cooling effect in summers. Trees impact the microclimate through 

shading and other biological effects. Their microclimatic performance is largely affected by 

their crown characteristics, such as crown diameter, branching position height, and porosity. 

Generally, a larger crown diameter and lower porosity represents a wider vertical surface 

area, which obstructs sunlight more effectively. In this study, three characteristics were used: 

the ratio of crown diameter to its branching position height, leaf area index, and crown 

porosity. To measure the cooling effect, this study used field measurements and a survey of 

human comfort. The study aimed to determine the relationships between tree crown 

characteristics and both the objective and subjective evaluation of the microclimate created by 

the tree, where, the cooling effect caused by particular characteristics could be identified.   
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2. Methodology

2.1 City description and site selection 

Data were collected from field measurements conducted in two urban parks in Deyang, 

China, an industry city (Daily of West China, 2010), with a strong economy based on high-

technology and manufacturing sectors, among which, the chemical industry is the main 

sector. The chemical industry has created many jobs and strengthened the local economy, but 

the urban liveability issues, involving outdoor social spaces have rarely been investigated. 

Many studies on outdoor thermal environment and urban climate have been conducted in 

cities with developed economies or with light industry, such as Shanghai (Du et al., 2019), 

Wuhan (Yang et al., 2015), and Peking (Zhang et al., 2014). Less attention, however, has 

been given to heavy industrial cities. This study therefore meets an urgent need to investigate 

trees and their microclimate conditions in heavy industrial cities to create a comfortable 

outdoor environment for factory workers and nearby residents.  

Deyang (Fig. 1, 30°31′–31°42′ N, 103°45′–105°15′ E) is located in Sichuan Province, 

southwest China. It is a subtropical city (Cwa) (Koppen Geiger Climate, 2006) with long, hot, 

and humid summers. The annual hottest months in the year (July and August) have a 

maximum air temperature of 37 °C (Weather Net, 2019). Due to its geographical form, 

Sichuan Province has a unique climate, namely the Sichuan Basin Climate, with a high-

frequency rainy climate in summers and extreme humid, hot climates in other seasons (The 

Bashu Culture, 2010). The local relative humidity is high, with values above 70% frequently 

being recorded (Report of China, 2015). Because of the wind resistance caused by the 

surrounding mountains, Deyang has poor wind conditions throughout the year compared with 

coastal cities. According to weather statistics over the last decade, Deyang experiences only 

slight winds of 5.4 m/s (lower than Level 3 among 18 levels) for a large proportion of the year 

(Weather Net, 2019). Natural air exchange and ventilation are inefficient, and the outdoor 

environment does not have sufficient natural ventilation.  Moreover, the Sichuan Basin 
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prevents hot air from escaping and fresh air from entering, resulting in high air temperatures 

and poor air quality. 

Fig. 1. Geographical locations of Deyang and the two parks. 

Two parks (North and South) in the Deyang city centre were selected for the field 

measurements. Nine points were selected in each park, making a total 18 points (Fig. 2). The 

points in North Park were named North Point (NP) 1–9 and those in South Park, South Point 

(SP) 1–9. The 18 points were located under trees with various crown characteristics (Table 1). 

North and South Parks were selected for their diverse outdoor activity facilities and spaces, 

attracting large numbers of local residents and factory workers throughout the day.  



6 

Fig. 2. All point locations and their surrounding environments of the two parks. 
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Table 1. Physical information of all points. 

Points Tree species D/PH LGR LAI Surrounding ground 

surface material 

Tree size (height, m) 

NP 1 Prunus cerasifera 

Ehrh. 

3.53 0.09 3.93 Pavement bricks Small, 8 

NP 2 Ginkgo biloba 1.89 0.13 1.99 Pavement stones Medium, 12 

NP 3 Cinnamomum 

parthenoxylon 

8 0.07 2.11 Pavement stones Medium, 12 

NP 4 Ginkgo biloba 0.07 0.01 0.12 Concrete Medium, 15 

NP 5 Ginkgo biloba 0.55 0.11 3.2 Pavement stones Small, 7 

NP 6 Eucalyptus sp. 2.91 0.06 2.34 Pavement bricks Medium, 15 

NP 7 Ginkgo biloba 1.54 0.1 2.41 Pavement bricks Medium, 10 

NP 8 Ficus benjamina 6.43 0.04 2.89 Pavement bricks Medium, 15 

NP 9 Cinnamomum 

camphora 

3.6 0.15 1.75 Pavement stones Medium, 11 

SP 1 Ficus benjamina 4.48 0.04 2.98 Pavement stone Medium, 10 

SP 2 Ginkgo biloba 1.79 0.09 1.39 Pavement bricks Medium, 12 

SP 3 Eucalyptus sp. 2.4 0.21 0.89 Pavement bricks Small, 6 

SP 4 Ficus benjamina 6.76 0.04 2.31 Pavement bricks Small, 8 

SP 5 Platanus sp. 6.78 0.08 1.8 Pavement bricks Small, 7 

SP 6 Prunus cerasifera Ehrh 6.3 0.09 2.34 Pavement bricks Small, 5 

SP 7 Ginkgo biloba 0.07 0.01 0.4 Concrete Medium, 11 

SP 8 Ginkgo biloba 0.07 0.01 1.88 Pavement stones Medium, 13 

SP 9 Ficus benjamina 4.12 0.17 3.16 Pavement stones Medium, 16 

2.2 Field measurements 

2.2.1 General site information 

The measurements were taken during two periods in July 2019: 4th–6th (North Park) and 24th–

26th (South Park). Fig. 3 shows that the six measurement days occurred during one of the 

hottest periods in the hottest month, with the measurement period for South Park being the 
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hottest. All 18 points were surveyed using Testo digital temperature, humidity, and air flow 

sensors (Table 2) for air temperature, globe temperature, and air velocity, respectively. The 

measurements were taken twice daily: once in the morning (8:00–11:00) and once in the 

afternoon (14:00–17:00). Each point was measured six times in total. On each day, the 

measurements were separated into three groups, and each point was measured for 

approximately 45 min every time.  

Fig. 3. Air temperature information of Deyang in July 2019 and the three measurement days 

(4-6 July and 24-26 July) (Weather Forecast, 2019). 

Table 2. Detailed components and their functions of sensors. 

Sensors Measurement range Accuracy Resolution 

Air temperature 

sensor 

-100 to 400 °C ±0.3 °C 0.01 °C 

Globe temperature 

sensor 

0 to 80 °C ±0.6 °C 0.1 °C 

Air velocity sensor 0 to 20 m/s ±0.3 m/s 0.01 m/s 
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2.2.2 Microclimatic indicators 

Urban microclimate is a comprehensive phenomenon affected by various parameters, 

including air temperature, relative humidity, air velocity, etc. Air temperature alone cannot 

accurately reflect people’s thermal feelings, although it is frequently used in weather reports. 

To standardise and simplify the complex climatic evaluation, some indicators covering 

several parameters have been proposed. MRT was used as the microclimatic indicator in this 

study. It is a complex indicator involving abovementioned parameters and is frequently used 

in urban climate studies (Fang et al., 2019). Generally, MRT represents the uniform 

temperature that radiant heat transfers to human body surfaces (ISO 7726, 1998; ISO 7730, 

2005), which is usually calculated by the following equation (Thorsson et al., 2007): 

MRT = [(< 𝜃𝑔 > +273.15) 4 +
1.335×108<𝑉> 0.71

𝜀𝐷0.4 (< 𝜃𝑔 > −< 𝜃 >)]  1/4 − 273.15 (°C)     (1)

where θg, V, θ, ε, and D refer to the globe temperature (°C), wind velocity (m/s), air 

temperature (°C), emissivity (0.95), and the diameter of the globe thermometer (0.04 m), 

respectively.  

A questionnaire survey on visitors’ thermal comfort was conducted in parallel with the field 

measurements (Table 3). It collected data about respondents’ subjective thermal responses to 

current thermal conditions. In particular, Question 4 in Table 3 focused on thermal sensation 

vote (TSV) to represent subjective responses to the microclimate under each tree. TSV 

comprised a seven-point Likert-scale reflecting respondents’ sensation in the current 

microclimatic condition from cold to hot: cold (-3), cool (-2), slightly cool (-1), neutral (0), 

slightly warm (1), warm (2), and hot (3).  

Table 3. Questionnaire survey used in this study to determine respondents’ thermal comfort. 

1. Current location.

NP1      NP2     NP3     NP4      NP5    NP6     NP7     NP8      NP9 

SP1       SP2      SP3     SP4      SP5     SP6      SP7     SP8       SP9 
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2. Start and end times of questionnaire (shown on instrument).

Start from        :       to       :        ;            yyyy         mm         dd 

3. Please indicate your gender and age.

Gender: M/F        Age: Under 18        18–25       25–35        35–55         Above 55 

4. Your current thermal sensation

-3 -2 -1 0                1         2        3 

Cold           Cool           Slightly cool         Neutral        Slightly warm    Warm Hot 

5. What do you wish for the current microclimate?

a. Cooler b. No change c. Warmer

6. What do you wish for the current wind condition?

a. Less wind b. No change c. More wind

7. What do you wish for the current sunlight condition?

a. More sunlight b. No change c. More shade

8. What is your feeling towards the current plant condition?

a. Rich b. Bare c. Neutral

Three sets of instrument measurement were used by three groups to simultaneously measure 

the 18 points. In each time period on a measurement day, one group was responsible for three 

points only. The exact duration, responsibility division (at which point and what time to 

measure), and number of questionnaires completed are listed in Table 4. The measurement 

time for every point covered an entire day. The selection of the points considered the diversity 

of crown characteristics. For example, trees at NP-4, NP-5, and SP-7 had relatively low cover 

(low crown diameter and/or high branching position height), which meant that they had 

greater openness and could be used as reference points. Each point was located under the 

selected tree’s northern side and within its microclimatic affecting distance (less than 1.5 m) 

and the shade cast by trees moved in response to the sun path. Each measurement point was 
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either in or out of the shaded areas, depending on the tree’s crown characteristics. Nearby 

visitors were invited to stand at the selected measurement points for at least 15 min to respond 

the questionnaire. Due to the random location of the selected trees, the points had different 

visitor attendance, which resulted in differences in the questionnaire completion.  

Table 4. Field measurement time periods. 

Points The 4th/24th The 5th/25th The 6th/26th 

Period of 

measurement 

(Group) 

Number of 

responses 

(N/S) 

Period of 

measurement 

(Group) 

Number of 

responses 

(N/S) 

Period of 

measuremen

t (Group) 

Number of 

responses 

(N/S) 

P1 8:00-8:50 (1) 5/4 14:00-14:50 

(2) 

3/2 14:00-14:50 

(1) 

3/3 

14:00-14:50 

(3) 

3/5 8:00-8:50 (3) 3/4 8:00-8:50 

(2) 

2/4 

P2 9:00-9:50 (1) 3/2 15:00-15:50 

(2) 

2/3 15:00-15:50 

(1) 

3/2 

15:00-15:50 

(3) 

3/2 9:00-9:50 (3) 4/2 9:00-9:50 

(2) 

3/3 

P3 10:00-10:50 

(1) 

3/1 16:00-16:50 

(2) 

2/2 16:00-16:50 

(1) 

3/5 

16:00-16:50 

(3) 

1/3 10:00-10:50 

(3) 

2/1 10:00-10:50 

(2) 

3/1 

P4 14:00-14:50 

(1) 

2/3 8:00-8:50 (1) 3/2 14:00-14:50 

(2) 

2/5 

8:00-8:50 (2) 2/1 14:00-14:50 

(3) 

3/1 8:00-8:50 

(3) 

4/2 

P5 15:00-15:50 

(1) 

2/1 9:00-9:50 (1) 2/3 15:00-15:50 

(2) 

2/1 

9:00-9:50 (2) 2/5 15:00-15:50 

(3) 

3/2 9:00-9:50 

(3) 

1/4 
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P6 16:00-16:50 

(1) 

3/3 10:00-10:50 

(1) 

2/4 16:00-16:50 

(2) 

3/1 

10:00-10:50 

(2) 

2/1 16:00-16:50 

(3) 

2/1 10:00-10:50 

(3) 

1/3 

P7 14:00-14:50 

(2) 

3/4 14:00-14:50 

(1) 

2/3 8:00-8:50 

(1) 

2/3 

8:00-8:50 (3) 1/2 8:00-8:50 (2) 1/4 14:00-14:50 

(3) 

2/5 

P8 15:00-15:50 

(2) 

4/4 15:00-15:50 

(1) 

2/4 9:00-9:50 

(1) 

2/3 

9:00-9:50 (3) 2/3 9:00-9:50 (2) 2/2 15:00-15:50 

(3) 

2/1 

P9 16:00-16:50 

(2) 

3/3 16:00-16:50 

(1) 

2/4 10:00-10:50 

(1) 

1/3 

10:00-10:50 

(3) 

3/1 10:00-10:50 

(2) 

3/2 16:00-16:50 

(3) 

3/1 

Since the measurements were carried out at different times, temperature variation might have 

affected the results. Therefore, data from Deyang Weather Station (Fig. 4), located 0.61 km 

from North Park and 5.85 km from South Park were used as a reference. Air temperature 

fluctuations measured by the station during the measurement periods are illustrated in Fig. 5. 

The daily temperature fluctuated similarly in each measurement period, demonstrating the 

comparability of the two parks (Figs. 3 and 5).  
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Fig. 4. Location of Deyang Weather Station and its distances to the two parks. 

Fig. 5. Daily air temperature fluctuation of Deyang during the two measurement periods (the 

coloured parts refer to the periods of measurement). 
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2.3 Crown characteristics of trees 

2.3.1 Tree crown diameter, branching height, and their ratio 

Tree crown diameter (CD, Fig. 6 a) is the mean value of a tree’s maximum diameter and can 

evaluate the shading degree of a tree (Theme, 2020). To standardise the measurements and 

statistics, CD measurements in this study were carried out in different orientations. Using the 

tree trunk as the centre, the crown radius of each tree was measured in four directions (E, W, 

S, and N), respectively using a laser measure with accurate dimension data. The final 

diameter was calculated as half the sum of the four-direction radius (E, W, S, and N) (CD = 

(a+b+c+d)/4, Fig. 6-b). A higher CD value indicated a better shading effect and also higher 

quantity leaves. 

Tree trunk height (TTH) means the vertical distance from the crown base to the ground, 

referring to the position of crown vertically (Cookie, 2020). Owing to the fact that all 

samples’ crowns posit slightly above the branching point (BP, a point that the branch emerges 

from the main trunk), BP height (PH) was used to define the TTH in this study, which 

simplifies the measurement (Dou, 2019). PH refers to the vertical distance from BP to the 

ground. It was used since its significant microclimatic effect, which was expressed in a couple 

of aspects.     
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Fig. 6. Illustrations of tree crown characteristics. 

The PH directly affects the crown height. Trees with the same CD have similar canopying 

areas; those with a higher PH may cast less immediate shade (Fig. 6-c), which would be less 

effective for people underneath the tree. Apart from shade position, PH can also affect 

location openness. Despite of a same CD (Fig 7-a & b), trees with higher PH create higher 

SVF values, regarding SVF calculation method (Fig. 7-e). This study proposes a new 

indicator, the ratio of CD to PH (D/PH). D/PH has the similar significance with SVF. Trees 

with same D/PH might result in same SVF, which is explained in Fig. 7-c & d. Therefore, 

D/PH is an important indicator for evaluating tree characteristics. 
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Fig. 7. Illustrations of CD and PH’s canopying effects as well as SVF: SVFe=x/y (e, adapted 

from (Nasrollahi and Shokri, 2016)); SVF (Tree 1) = (y-x1)/y; SVF (Tree 2) = (y-x2)/y; SVF 

(Tree 3) = (y-x3)/y; SVF (Tree 4) = (y-x3)/y; SVF (Tree 1) < SVF (Tree 2); SVF (Tree 3) = 

SVF (Tree 4).     

2.3.2 Crown porosity and related measurements 

A tree’s overall dimension cannot cover its total canopying degree because of gaps in the 

crown (i.e. spaces between leaves). A crown with denser leaves creates more solid shade 

given the same D/PH value. WinSCANOPY was used to measure crown porosity and is often 

used to measure leaf area index (LAI) and canopy SVF (Regent). LAI, an important variable 

in this study, is the leaf area in a unit ground area, which is also calculated via Regent (. SVF 

is the area ratio of visible sky in a hemispheric photograph and ranges from 0 to 1 at any 
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location (Zeng et al., 2018). Data for this study were collected at the microclimatic 

measurement points of the selected trees.  

The SVF was used as an assistant variable, rather than as a key variable. Via the SVF, a new 

variable, leaf gap ratio (LGR), was proposed, which evaluated the ratio of the gap within the 

crown. As shown in Fig. 8, the area within the orange line represents the photographed target 

tree crown, defined as crown canopy area (Area C), whereas the rest is defined as open sky 

(Area S). The SVF in Fig. 8 comprises two parts, namely the crown SVF (CSVF, i.e. the 

visible sky in Area C, left) and the open sky view factor (OSVF). The SVF is the sum of the 

CSVF and OSVF. Setting all parts of Area C as canopy (using the colour edition function in 

WinSCANOPY, Fig. 8), the calculated SVF became the OSVF. Hence, the CSVF could be 

calculated via SVF-OSVF. On the other hand, crown canopy view factor (the visible 

hemispheric area ratio of Area C) could be calculated via 1-OSVF. The LGR was calculated 

using equation (2): 

LGR =
CSVF

𝐶𝐶𝑉𝐹
     (2) 

Fig. 8. The example fisheye photographs for the explanation of LGR calculation. 

2.3.3 Leaf area index 

Leaf area index (LAI) means the leaf area (m2) in a certain unit of ground area (m2). It 

involves several parameters, such as leaf gap fraction and path length in different directions 
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and leaf orientation distribution (Peper and McPherson, 1998). LAI is positively correlated 

with CD and/or crown depth (CDth). CDth refers to the vertical distance from the crown base 

to the top (Morgenroth and Östberg, 2017). In other words, crowns with large sizes might 

contribute to high LAI. Therefore, LAI could affect crown canopying degree and biological 

efficiency, which is cooling relevant. Despite of calculation complexity, its values can be 

provided by WinSCANOPY directly, which simplifies the data acquisition. WinSCANOPY 

provides a number of methods, such as Bonhom and LAI 2000 methods (Moser et al., 2015), 

for LAI calculation. This study selected Log 2000 method for acquiring LAI values.    

2.4 Analysis 

Multiple linear regression in IBM SPSS was used to analyse the data and determine the 

relationships between the collected data. The significance of correlations between variables 

were determined through P-values ranging from 0 to 1 and a coefficient to show the 

tendencies. A P-value of lower than 0.05 indicated a significant correlation. Multiple linear 

regression is widely used and has a prediction function that is commonly used to explain the 

relationship between one continuous dependent variable and two or more independent ones. 

As the data collection at the 18 points covered different time periods and a range of different 

respondents were surveyed on three consecutive days, the average values of the field 

measurements and questionnaire surveys for each point were used in the correlation and 

regression analyses.   

3. Results

3.1 Data description 

Figs. 9 and 10 illustrate the fluctuation range of the original climatic data in the two parks. 

NP-2, NP-4, NP-7, and NP-9 were relatively warm (around 30 and 35 °C in the morning and 

afternoon, respectively), whereas NP-1 was the coolest (around 26 and 32 °C in the morning 

and afternoon, respectively). Globe temperature fluctuated significantly according to location; 
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NP-2, NP-4, NP-7, and NP-9 had higher globe temperatures than other points did. The 

afternoon temperature was considerably higher than that in the morning. Air velocity did not 

differ considerably between the points, and the differences were mostly within 1 m/s. SP-2, 

SP-7, and SP-8 were relatively warm, whereas SP-5 was the coolest. SP-8 was the warmest, 

with temperatures of 31–35 °C in the morning and 33–37 °C in the afternoon, nearly 8 °C 

warmer than the temperature at SP-5. It is found that globe temperature at SP-2, SP-7 and SP-

8 was higher than that at the other points in South Park; noticeably, SP-9’s globe temperature 

increased by around 3 °C from the morning to the afternoon. Air velocity did not differ 

considerably between the points, at less than 1.5 m/s in the morning and less than 1 m/s in the 

afternoon.  
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Fig. 9. Air/globe temperature of all measured points. 
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Fig. 10. Air velocity of all measured points. 

Fig. 11 shows that MRT fluctuated at all points to different degrees: that at NP-4, NP-5, NP-

7, and NP-9 was higher, whereas that at NP-1, NP-3, NP-6, and NP-8 was lower. The MRT at 

SP-2, SP-3, SP-7, and SP-8 was higher. Each point was under one tree, and Fig. 11 indicates 

the cooling effect of each tree. An extreme MRT was observed at NP-4 and SP-7 (above 

40 °C and 45 °C respectively) because of their high openness and direct sun exposures.  

Fig. 11. MRT of all measured points. 

Fig. 12 expresses the distribution of respondents’ subjective thermal response. Respondents’ 

thermal feeling varied between the locations, with some of them irregular fluctuations. As this 
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questionnaire was carried out during the summer, most of respondents indicated TSV as 

(slightly) warm, generally ranging from 0 to 3. Because of the subjectivity of thermal 

sensation, not all samples felt warm, and some respondents selected -1 (slightly cool) or even 

-2 (cool).

Fig. 12. TSV (-3=Cold; -2=Cool; -1=Slightly cool; 0=Neutral; 1=Slightly warm; 2=Warm; 

3=Hot).  

3.2 Crown characteristics and MRT 

A large number of MRT data were measured at the 18 sampling points, and each tree’s crown 

characteristics were constant. To simplify the analysis, the mean value of MRT (MMRT) at 

each point was used in a linear regression analysis. Meanwhile, due to the slight weather 

change, air temperature (AT) of the reference station was included. This study focused on tree 

crown, and LAI was included in the models as a correlated factor. Data from the two parks 

were separately regressed:   

Model 1: MMRT (North Park) = Constant + β1×AT + β2×D/PH + β3×LGR + β4×LAI 

Model 2: MMRT (South Park) = Constant + β1×AT + β2×D/PH + β3×LGR + β4×LAI 

AT was input in Step 1, and then D/PH data were input into the model in Step 2, followed by 

LGR, and finally, by LAI. Table 5 presents the regression process of MMRT in the two parks. 

In Model 1, D/PH was the most significant influencing factor (with a regression coefficient of 

-1.43, P < 0.05).  LGR, the variable evaluating leaf density, was added in Step 3, resulting in
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an R2 change of 0.011. LAI was added in Step 4, which contributed to an R2 change of 0.071. 

Neither LGR nor LAI expressed significance (P > 0.05) and were consequently omitted from 

the North Park model. A similar result was obtained in Model 2. D/PH had a significant 

regression coefficient of -1.727 (P < 0.001) in Step 2. The additions of LGR and LAI in Steps 

3 and 4 caused an insignificant change in R2 (0.001, p > 0.05). Therefore, only D/PH was kept 

in the model.   

Table 5. Regression results of MMRT models 

Model 1 (MMRT for North 

Park) 

Variable Unstandardized 

Coefficients β 

Independent 

variable Sig. 

R2 R2 Change Sig. F 

Change 

ANOVA 

Sig. 

Step 1 (Constant) -34.579 0.152 0.365 0.365 0.008 0.008 

AT 2.95 0.008 

Step 2 (Constant) 25.667 0.226 0.733 0.368 0.000 0.000 

AT 0.618 0.468 

D/PH -1.669 0.000 

Step 3 (Constant) 30.435 0.163 0.753 0.021 0.296 0.000 

AT 0.357 0.684 

D/PH -1.718 0.000 

LGR 18.396 0.269 

Step 4 (Constant) 41.131 0.028 0.857 0.104 0.09 0.000 

AT 0.009 0.989 

D/PH -1.576 0.000 

LGR 37.696 0.24 

LAI -1.977 0.009 

Model 2 (MMRT for South 

Park) 

Step 1 (Constant) -10.806 0.484 0.404 0.404 0.005 0.005 

AT 1.664 0.005 

Step 2 (Constant) 55.184 0.001 0.846 0.442 0.000 0.000 

AT -0.281 0.491 
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D/PH -2.215 0.000 

Step 3 (Constant) 54.55 0.000 0.876 0.030 0.085 0.000 

AT -0.289 0.446 

D/PH -2.298 0.000 

LGR -14.791 0.085 

Step 4 (Constant) 34.599 0.005 0.939 0.062 0.003 0.000 

AT 0.433 0.220 

D/PH -1.358 0.001 

LGR 13.225 0.042 

LAI -2.529 0.003 

Totally, the two models could be summarised in the following equations: 

Model 1: MMRT (North Park) = 41.131 + 0.009×AT - 1.576×D/PH + 37.696×LGR – 

1.977×LAI; (R2 = 0.857, Sig. = 0.000) 

Model 2: MMRT (South Park) = 34.599 + 0.433 ×AT – 1.358×D/PH + 13.225×LGR – 

2.529×LAI; (R2 = 0.939, Sig. = 0.000) 

According to the R2 value, South Park generally showed more significant effects than North 

Park did. Among the independent variables, only D/PH showed a statistical significance (P < 

0.05).  Therefore, D/PH, with P-values of 0.034 for North Park and 0.000 for South Park, was 

analysed separately (Fig. 13). Increasing the D/PH value from 0 to 8 could reduce MMRT by 

approximately 15 °C, in both two parks.  
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Fig. 13. Correlation between MMRT and D/PH in the two parks. 

3.3 Crown characteristics and TSV 

Models 3 and 4 represent the mean TSV (MTSV) of the two parks: 

Model 3: MTSV (North Park) = Constant + β1×D/PH + β2×LGR + β3×LAI 

Model 4: MTSV (South Park) = Constant + β1×D/PH + β2×LGR + β3×LAI 

The three independent variables were input into the TSV model in turns as MMRT (Table 6). 

For Model 3 in North Park, D/PH showed a significant correlation (with a regression 

coefficient of -0.239, P < 0.01) in Step 1. Adding LGR in Steps 2 did not cause significance 

changes (P > 0.05). Similarly, D/PH showed a significant thermal sensation effect in South 

Park in Model 4, with a regression coefficient of 0.238, P < 0.01). LGR was only rarely 

correlated (P > 0.05). LAI was kept in the two models, for it showed significant effects in 

both Models 3 and 4 (p<0.01), which is slight different from MMRT.     

Table 6. Regression results of TSV models 

Model 3 (MTSV for 

North Park) 

Unstandardized 

Coefficients β 

Independent 

variable Sig. 

R2 R2 Change Sig. F 

Change 

ANOVA 

Sig. 

Step 1 (Constant) 2.036 0.000 0.448 0.448 0.002 0.002 

D/PH -0.239 0.002 

Step 2 (Constant) 2.186 0.000 0.455 0.007 0.671 0.011 

D/PH -0.241 0.003 

LGR -1.706 0.671 

Step 3 (Constant) 2.805 0.000 0.751 0.296 0.001 0.000 

D/PH -0.176 0.004 

LGR 3.574 0.261 

LAI -0.552 0.001 

Model 4 (MTSV for 

South Park) 

Step 1 (Constant) 2.212 0.000 0.642 0.642 0.000 0.000 

D/PH -0.238 0.000 

Step 2 (Constant) 2.336 0.000 0.673 0.031 0.251 0.000 

D/PH -0.227 0.000 

LGR -2.045 0.251 

Step 3 (Constant) 2.736 0.000 0.814 0.141 0.006 0.000 
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D/PH -0.132 0.012 

LGR -1.998 0.157 

LAI -0.393 0.006 

The two equations were shown as follows: 

Model 3: MTSV (North Park) = 2.805 – 0.176×D/PH + 3.574×LGR – 0.552×LAI; (R2 = 

0.751, Sig. = 0.000)  

Model 4: MTSV (South Park) = 2.736 – 0.132×D/PH – 1.998×LGR – 0.393×LAI; (R2 = 

0.814, Sig. = 0.000) 

D/PH was found to be the most significant variable with a P-value of <0.01. Therefore, D/PH 

was independently analysed with MTSV (Fig. 14) (the P-values were = 0.002 for North Park 

and 0.000 for South Park). This showed that MTSV was significantly negatively correlated 

with D/PH. Increasing D/PH from 0 to 8 could reduce MTSV from nearly 2 (warm) to 0 

(neutral) in the both parks.  

Fig. 14. Correlation between TSV and D/PH in the two parks. 

4 Discussion 

Trees’ cooling effects in urban microclimate have been widely investigated (Armson et al., 

2012; Lin and Lin, 2010; Zhao et al., 2017) and vary with tree size, scale, and cover. This 

study explored specific tree geometry characteristics important to these cooling effects. Trees’ 

cooling effects are indicated by D/PH, since trees with a larger crown diameter and/or shorter 

PH have higher cooling intensity in hot weather. Increasing D/PH from 0 to 8, which can be 



27 

achieved by planting large crown trees at an open space, might help to reduce MRT by more 

than 15 °C on a hot summer day. Species with wide crowns, such as Cinnamomum 

parthenoxylon, Ficus benjamina and Platanus sp., are recommended for thermal environment 

improvement. Other variables for evaluating crown characteristics, such as LGR and LAI, had 

less significant microclimatic effects.  

D/PH was significantly correlated to the microclimate. This illustrates that the microclimate 

of a tree’s covering area was affected by the combination of both crown diameter and 

branching position height. D/PH is similar to SVF, which evaluates the openness of a 

location. A higher D/PH value indicates higher crown cover and lower openness, resulting in 

more efficient photosynthesis, respiration, and shading. Higher D/PH could be achieved 

through broader crown diameter, which extends vegetation/tree cover. Therefore, D/PH’s 

microclimatic adjustment was the cooling expression of tree cover in geometry, which has 

been confirmed in previous studies (Thom et al., 2016; Welles and Norman, 1991; Yang et 

al., 2017). Additionally, a larger crown diameter bears more leaves, which increases the 

efficiency of plants’ biological effects, such as photosynthesis (Bard and Fox, 1995) and 

transpiration (Pruppacher and Klett, 2010). These factors have significant microclimatic 

effects. Furthermore, D/PH was significantly correlated to TSV (i.e. respondents’ subjective 

feeling). Neutral MTSV (0) was more likely to be reported at the point where the D/PH value 

was close to 8. These results are supported by the data from both two parks, which 

consistently evidenced the contribution of trees to the improvement of urban microclimate.  

LGR and LAI had relatively slight effect on MRT and TSV. This was likely because of the 

leafy condition of the selected trees, which was usual in summer. Denser leaves can improve 

the effectiveness of canopying for cooling down environments. In the leaf-rich season, most 

trees have dense leaves and low porosity. Consequently, their microclimatic adjustment are 

more significantly affected by crown shade areas than by the leaf density. This might explain 

why D/PH was more micro-climatically significant than LGR and LAI were. Nevertheless, 

thermal comfort effect of LAI was stronger than LGR. This might result from human 
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psychological preference. Denser leaves contribute to some psychological easiness (Chiang et 

al., 2017).  

Apart from trees, microclimate were also affected by other factors, such as land cover 

materials. Concrete, stone, and soil have different heat conservation and reflectance 

properties, which may have caused differences in the temperature at the measurement points. 

The influence of variation in land cover material cannot be neglected, although all 

measurements and questionnaire were conducted on a walkways shaded by trees. Weather 

condition might be another influencing factor. The measurement period of South Park was 

warmer than that of North Park according to the reference station data. The cooling effect of a 

tree’s characteristics might be more significant in warmer weather as the R2 values of South 

Park which was surveyed in a warmer period, were higher than those of North Park. The fact 

that the microclimate was significantly correlated to tree characteristics was supported by data 

from the both parks. 

5 Conclusion 

This study investigated the effect of tree crown characteristics on the urban microclimate and 

respondents’ subjective thermal responses in a subtropical city in China. Few studies on 

outdoor thermal comfort have differentiated between tree geometries and highlighted their 

recreation function in outdoor activities. This study selected trees for they create more space 

for people staying than shrubs. More importantly, this study focused on trees’ characteristics 

(e.g. crown) that have rarely been included in previous studies on urban microclimate. 

Specifically, this study decomposed t crown characteristics into several geometrical variables, 

and the related results could be used in landscape design and plantation selection to improve 

urban microclimate in urban parks.  

D/PH was shown to have significant effects on both the objective microclimate and 

respondents’ subjective thermal responses. Comparably, LAI and LGR were less cooling 

effective. Yet LAI was significant on thermal comfort. 
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 The D/PH of a tree is the most significant factor for reducing temperature and improving

thermal comfort. On a hot summer day, increasing D/PH from 0 to 8 could decrease

MMRT by approximately 15 °C while decreasing MTSV from 2 (warm) to 0 (neutral).

Its influence was the same in the two studied parks.

 LGR and LAI had less substantial microclimatic effects than D/PH did because of the

small number of gaps in the crowns and the leafy conditions of the surveyed trees; LAI

had some effects on thermal responses due to human psychological preference.

This study confirmed that tree’s crown characteristics could significantly affect the urban 

microclimate and respondents’ thermal feeling. Trees with thicker shapes could achieve 

larger crown diameters and/or lower branching position heights, thus creating optimal urban 

microclimate in summer. However, this study had some limitations. Some thermal comfort 

indicators were not involved, such as physiological equivalent temperature (PET) which can 

help to verify TSV. Meanwhile, relatively a small number of responses were collected. Also, 

some other factors that might affect cooling efficiency were ignored, such as biological 

effects (evapotranspiration), cooling intensities in other seasons, and leaf palette. These 

limitations shall be addressed in future studies. 
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