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Abstract

Urban residents in tropical or subtropical climates may suffer from serious overheating issues due to 

global warming and urban heat island effects, causing high mortality, poor health, high energy load, 

and social disorder. Researchers have proposed various methods to mitigate overheating in outdoor 

environments, including altering the urban geometry, using cool surfaces, incorporating waterbodies, 

and using vegetation. Trees are highly effective at cooling. Previous studies demonstrate that the cooling 

effects of trees depend upon their physical characteristics and/or surrounding environments. This 

project conducted a comprehensive investigation into tree cooling effects at different levels, including 

the cooling effects of grouped trees in urban green spaces and individual trees in open spaces. They 

were studied in separation through field monitoring studies on the Gold Coast, a coastal city in Australia 

with subtropical climate features.  

The first part of the project studied grouped trees in urban green spaces. Eighteen urban parks were 

investigated. These parks are characterised by various tree coverages (PTC) and different distances 

from the sea (DFS). Monitoring results demonstrated that parks with a higher proportion of tree 

coverage or closer to a waterbody were cooler. After measuring each park for one full day and analysing 

the hourly data, the cooling intensity of parks (PCI), defined by the air temperature differences between 

the park and the Griffith University metrological station, demonstrated periodic variations influenced 

by PTC or DFS. Analyses of variance (ANOVA) found that PTC significantly correlated with PCI in 

the evening while, DFS had an important effect in the morning. For further exploration, multiple linear 

regression models were established. PTC was increasingly significant from morning to evening, its R2 

generally increased from 0.01 (at 10:00) to 0.2 (at 16:00). In contrast, the effect of DFS weakened after 

peaking at noon. Trees showed poorer cooling effects during the daytime compared to the cooling 

effects of the sea.  

The second part of the project focused on the characteristics of a tree component (crown) that accounts 

for a large portion of the cooling effect. The tree crown characteristics were indexed by the crown 

diameter, trunk height, sky view factor (SVF), and leaf area index (LAI). Four new indicators that 
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describe crown characteristics were proposed: the gross canopy index (GCI), leaf layer index (LLI), 

crown volume index (CVI), and total canopy index (TCI). The former two are basic indicators, and the 

latter two are sophisticated indicators. The results showed that the two sophisticated indicators were 

significantly associated with the mean radiant temperature beneath the tree crown. Further, increasing 

the value of each indicator by 10% could help reducing the mean radiant temperature by 0.67°C (CVI) 

and 0.83°C (TCI), respectively, when the other predictors were fixed. Similarly, increasing the value of 

each basic indicator by 10% could reduce the mean radiant temperature by 0.78°C (GCI) and 0.06°C 

(LLI), respectively. Still, their cooling effects were less significant than CVI and TCI. The thermal 

effect of the two sophisticated indicators was more significant than that of the two basic ones. Among 

all, TCI was the best predictor of the outdoor thermal environment underneath the tree crown. A similar 

result was found using air temperature as the index. However, these indicators can rarely predict air 

velocities and relative humidity. 

Part three explored temperature distributions under individual tree canopies. It was found that the mean 

radiant temperature (MRT) gradually increased when moving away from the trunk towards the shade. 

This increased intensity was affected by the crown size (TCD), tree height, sunlight angles, and distance 

from the trunk (DFT). The MRT followed a polynomial function with DFT. A sharp increase in the 

MRT was witnessed due to the disappearance of the shade. For a tree with a TCD of 16.6 m, MRT 

differences between a location near the trunk and a location outside the tree canopy were up to 18°C. 

This finding has confirmed that the cooling effect from individual trees was due to their canopied areas. 

This project has investigated the cooling effects of trees at various levels and the factors influencing 

these effects in a coastal city of Australia. The results echoed that some urban planning and landscape 

policies and strategies improve sustainability and habitability of the city. Findings provide a rational 

basis for future urban planning and landscaping practices.     

Keywords: outdoor thermal environment; global warming; urban parks; coastal city; trees 
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Nomenclatures 
OTE outdoor thermal environment 

UHI urban heat island 

PCI park cooling intensity 

PET physiologically equivalent temperature 

SET standard effective temperature 

MRT mean radiant temperature 

AT air temperature 

UTCI universal thermal climate index 

LST land surface temperature 

TSV thermal sensation vote 

LAI leaf area index 

TCD tree crown diameter 

GCI gross canopy index 

SVF sky view factor 

TVF tree view factor 

TTH tree trunk height 

LLI leaf layer index 

CVI crown volume index 

TCI total canopy index 

TCP tree cooling pond 

DFT distance from the trunk 
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1. Introduction

1.1 Global warming and the urban heat island 

1.1.1 Global warming  

The whole earth has experienced a continuous temperature increase (Fig. 1.1). This climate change can 

be detected over multiple aspects. The air temperature has increased by more than 1 °C since the 19th 

century (Shaftel et al., 2021), and the oceans have warmed up by 0.33 °C (Meteorological Service, 

2020), resulting in sea level rise and the shrinkage of ice sheets (such as the Antarctic by 148 billion 

tons) (Xu et al., 2021). Global warming leads to thermal discomfort and even seriously threatens the 

survival of humans (Ali-Toudert and Mayer, 2006).  

Fig. 1.1. The overall trend of global temperature change (Meteorological Service, 2020). 

1.1.2 Urban heat island effect 

Residents are negatively affected by poor urban thermal environments due to two climate factors, urban 

heat island effect (UHI) (Oke, 1981) and global warming (Yumino et al., 2015). The UHI effect is where 

urban areas measure warmer than their surrounding suburban/rural areas (Fig. 1.2) and this is observed 

Image removed
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in many cities. For example, the city centres of Rome (Bonacquisti et al., 2006), Manchester (Skelhorn 

et al., 2016), and Hong Kong (Memon et al., 2009) are warmer than their nonurban areas by 5 °C, 8 °C, 

and 10.5 °C, respectively. A variety of factors cause the UHI. Construction lands are generally warmer 

than rural vegetated ones (Landsberg, 1981) due to differences in the surface heat storage properties 

(Grimmond et al., 1991), which cause a heat imbalance. Hence the process of natural lands being 

replaced by built-up surfaces is the key cause of UHI. Apart from that, human activities also influence 

UHI. A large amount of energy consumption occurs in densely populated urban areas, releasing gases 

that cause an increase in temperature (Roberge and Sushama, 2018). Li et al. (2018a) discovered that 

pollution was another driver of UHI. The UHI and global warming can negatively affect human living 

qualities. They are defined as climatic degradation factors (CDF). 

Fig. 1.2. The illustration of the urban heat island effect (Gallo et al., 1993). 

1.1.3 Effects of climatic degradation factors 

Climate degradation factors influence society over various aspects. Most significantly, CDF results in 

high mortality. Statistics suggested that aged population in urban areas suffered from higher mortality 

than in rural areas. The death of seniors in both urban and the outskirts was correlated with heat in 

London (Taylor et al., 2015). The UHI might cause half of the mortalities in the west Midlands 

Image removed
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(Heaviside et al., 2016). The excess mortality rate in such a group increased from 1.04 to 1.06 with 

temperature increases from 20 to 28 °C (Smargiassi et al., 2009).  

Physically, CDF degrades people’s health. Poor health conditions relating to high temperatures occur 

frequently. People often suffer from respiratory illness, e.g., asthma, and even death (American Forests, 

2021). Heatwaves resulted in higher mortality rates in central compared to suburban areas in Shanghai 

(Tan et al., 2010), which showed a significant impact of UHI. Due to the air pollution and high 

temperature resulting from UHI, residents in Tehran suffered from infectious diseases (Shahmohamadi 

et al., 2011). The reduction of NDVI (the factor causing UHI) was found to cause respiratory illness 

(Lo and Quattrochi, 2003). The data on illness in Birmingham illustrated that the risk of getting sick 

reported higher values in city centres compared to in other areas, and the risk reduced when people 

moved farther from the city (Tomlinson et al., 2011).      

Economically, CDF results show a high energy load. Dwellers needed to rely on cooling devices, such 

as air conditioners, for heat stress avoidance during warm weather (Wu et al., 2018). This consumed 

large amounts of energy from burning fossil fuels (Walsh and Boys, 2020). It was found that the increase 

in air temperature by 0.6 °C could cause an increase in energy consumption by 0.5% to 3% (Yi-Ling et 

al., 2014). Cooling energy loads of buildings in the urban areas were higher by 13% compared with 

rural areas (Santamouris, 2014). The UHI, in the south of the United States of America, showed negative 

impacts on energy due to warm climate (Lowe, 2016).  

Visually, CDF reduced city vitality (Lai et al., 2019). Residents rarely wish to attend outdoor activities, 

preferring to stay indoors and enjoy the cooling effect from air conditioners (Hassid et al., 2000). In 

contrast, thermally comfortable outdoor spaces attracted more people, who favoured enjoying physical 

activities and forest walks, that promoted lively cultural communication and reduced loneliness (The 

Property Council of Australia, 2019). City vitality would be enhanced considerably through improved 

thermal comfort of outdoor environment (Elliott et al., 2020), as suggested in various studies about 

urban vitality (Shi et al., 2019). 
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Additionally, climate change negatively affects the food chain due to reduced agricultural productivity 

(Rossati, 2017). The security of farming products is affected by flooding and soil erosion (Singh and 

Purohit, 2014). Humans suffer from poor emotional stability due to natural disasters (Tavassoli, 2009). 

Even crime rates increase with global warming (Falk, 1952). Scientists therefore must find a solution 

to address this issue. 

1.2 Mitigation strategies 

Due to the significant negative effects of poor thermal environments, researchers have explored various 

mitigating strategies. To a large extent, urban heat stress was caused by human activities (Oke, 1973). 

Therefore, various mitigation approaches were developed to reform human land use/land cover (Fig. 

1.3). Previous studies suggest that the urban thermal environment can be affected by vegetation (Zheng 

et al., 2016), waterbodies (Theeuwes et al., 2013), land use (albedo) (Taleghani, 2018a), and geometry 

(Nasrollahi et al., 2021).  

Fig. 1.3. Micro-factors influencing microclimate. 

Vegetation could be used in various outdoor spaces to reduce urban heat stress. Growing vines on walls 

(Wong et al., 2010) and potted plants on roofs (Yang et al., 2018a) could reduce indoor and outdoor 

temperatures, resulting in energy savings. Their cooling effects result from thermal isolation, high heat 

absorption rate, and transpiration (Pearcy et al., 2000). However, greenery on walls or roofs has little 

effect as they are not in close proximity where people are (Chen et al., 2009; Taleghani et al., 2016b). 
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Therefore, ground vegetation is broadly used and frequently studied. Vegetation has natural cooling 

effect, where sites with denser plants are cooler than bare ones (Chen et al., 2006). Ground vegetation 

is used in streets (Yang et al., 2018b) and parks in urban areas, which are also visually (Langenheim et 

al., 2020) and psychologically (Lewis, 1994) enjoyable. Their cooling effects even affect nearby areas, 

such as sites outside parks (Ca et al., 1998). This characteristic is similar to water surfaces; areas next 

to rivers, lakes, and reservoirs are cooler (Murakawa et al., 1991). Lower temperatures near vegetation 

and water bodies compared to surrounding areas demonstrate that those two factors are both effective 

with natural cooling. 

Moreover, albedo affects the thermal environment through its physical processes. Lands covered by 

reflective materials cause lower temperatures (Akbari and Matthews, 2012), which affects both outdoor 

and indoor spaces (Macintyre and Heaviside, 2019). In addition, the thermal environment is affected by 

shading and obstructing natural ventilation. For example, low open sites with less exposure to sunlight 

might be cooler (Cheung and Jim, 2018b). However, compact vertical objects block natural airflow 

(Johansson, 2006), causing heat gathering. Shading causes the opposite effect. Thus, performances of 

urban geometry are complex.    

Geometry and albedo are unable to cool down the environment naturally but vegetation and water 

surfaces have natural cooling effects. Nevertheless, urban spaces are mostly hardened by concrete 

coverings. Very little space is available for growing densely vegetation or providing water surfaces. 

Parks are natural vegetated spaces in urban areas (Saaroni and Ziv, 2003; Yu and Hien, 2006; Zhang et 

al., 2013). They are important cooling elements for citizens, providing facilities for outdoor activities 

(Lin et al., 2013). The cooling effects of parks are influenced by various surrounding factors, including 

park shape (Hwang et al., 2015), area (Yang et al., 2017a), vegetation cover (Chan and Chau, 2021), 

and water surfaces (Amani-Beni et al., 2018). Generally, the temperatures inside parks are lower than 

outside. Air temperatures outside the park are positively correlated with distance from that (Yan et al., 

2018b). For sites inside parks, locations which are densely vegetated (Kong et al., 2014), well canopied 

(Lin et al., 2012), with nearby water bodies (Gómez et al., 2013) are cooler. These are defined as factors 

indicating the physical characteristics of parks, which are known to be thermally relevant.  
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1.3 Climate and geography of the study city 

1.3.1 Regional climate 

Australia is a nation located in the southern hemisphere with various climatic zones. Southern parts of 

Australia are relatively cool with rainy winters and neutral summers, while the north (tropical) is humid 

and warm in summers yet dry in winters. Its general climate is opposite of the northern hemisphere; 

January, February, and December are the annual hottest months. Given its large size, Australia is 

divided into seven climatic zones (Fig. 1.4, (Means, 2019a)), including Cfa (humid subtropical), BSh 

(hot semi-arid), BWh (hot desert), Cfb (temperate oceanic), Csb (warm-summer Mediterranean), Cf 

(humid subtropical), and Aw (tropical savanna) (Weather Online, 2018). Central areas have a variable 

climate and are fully covered by desert, which causes extremely high temperatures (above 50 °C) and 

little rainfall. Australian residents mostly inhabit the coastal areas outside the desert. They suffer from 

serious heat stress. Meteorological records of extreme seasons for key cities are listed in Table 1.1  

(Aussie Specialist Program, 2018). 

Fig. 1.4. Climate of Australia. 

Image removed
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Table 1.1. Average temperatures of extreme seasons in main cities. 

City Winter Average 

Temperature (℃) 

Summer Average Temperature (℃) 

Canberra 11 28 

Cairns 18 26 

Adelaide 16 29 

Perth 19 31 

Sydney 16 26 

Hobart 21 

Brisbane 17 30 

Broome 27 33 

Melbourne 14 25 

1.3.2 Urban climate of the Gold Coast 

The Gold Coast (28° S, 153° E, Fig. 1.5) is located in the east of Queensland. Generally, it belongs to 

the subtropical zone with hot summers and neutral winters, Cfa (humid subtropical monsoon) in Köppen 

Classification. This climatic zone ranges between 20° and 35° in latitude. In Cfa climate zone, the 

average temperature is about 27 ℃ in warm months. Summers tend to be wetter than winters; heavy 

rains are usually caused by storms (Lifepersona, 2021). The Gold Coast aligns with the basic climate 

characteristics of the Cfa climate zone. High temperatures reach a maximum of 35 °C (Table 1.2). 

However, due to its particular geography, the climate is complex. The city centre is naturally affected 

by UHI, which could increase temperatures. Yet it is close to the sea and cools down because of the 

water surface. So, which factor is more thermally significant on the Gold Coast? This issue has rarely 

been studied or documented previously.  

https://www.nationalgeographic.org/encyclopedia/koppen-climate-classification-system/
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Fig. 1.5. The geographical location of the Gold Coast on the eastern coast of Australia. 

Table 1.2. Climate data of Gold Coast from 1992 to 2017 (Elders Weather, 2017). 

Jan. Feb. Mar. Apr. May June Jul. Aug. Sept. Oct. Nov. Dec. 

High 

max (°C) 

38.5 40.5 36.3 33.3 29.4 27.1 28.9 32.4 33 36.8 35.5 39.4 

Low 

max (°C) 

22.8 22.3 22.2 19.3 17 14.5 15.6 15 16.9 17.5 19.8 20.9 

High 

min (°C) 

26 27.3 26.2 23.8 21.8 19.1 21.8 19.4 20.7 22.7 24 24.9 

Low min 

(°C) 

17.2 17.2 13.4 8.9 6.6 3.8 2.5 4.2 7.9 9.4 8.2 14.7  

1.3.3 Strategies of metropolitan development 

The Gold Coast is a well-vegetated city with nearly 2,000 plant species. There are several internationally 

recognised sites, such as Gondwana Rainforest, which is listed as World Heritage. There are a variety 

Image removed
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of plant species that are suitable to grow in local climate. For instance, Spinifex Sericeus, Ipomoea Pes-

caprae, Vigna Marina, Canavalia Rosea, Carpobrotus Glaucescen and many others in the Gold Coast 

appear frequently (Envite Environment, 2021). The biodiversity mostly occurs in natural areas instead 

of cities. Apart from native spaces, the local government has used some strategic urban parks and trees 

along the streets to create vegetation corridors and improve the sustainability and habitability of the city. 

Targets of this study echo designing and planning strategies for the Gold Coast.   

1.4 Cooling effects of trees  

Among the diverse types of vegetation, trees are especially effective in cooling. Trees are studied from 

both biological and physical perspectives. They have a higher cooling intensity than shrubs and lawns 

(Zheng, Zhao et al. 2016).  

Studies of the cooling effects of trees (Ennos, 2015) show that they are well known as natural air 

conditioners mitigating UHI. Scientifically, their cooling properties result from two aspects, shading 

and evapotranspiration. Shading plays the most important part in cooling. Shaded areas are cooler than 

unshaded to a maximum of up to 16 °C, as indicated by PET (de Abreu-Harbich, Labaki et al. 2015). 

During a sunny day, the tree canopy reduces solar radiation, acting as a parasol and increases heat 

release. Trees attempt to use as much sunlight as they can. They extend their branches and leaves to the 

maximum (Crandall Park Tree, 2018), which results in large-areas of shade. Under tree canopies, air 

and soil temperatures are lower by 2.5 °C and 8.07 °C than other open sites in parks (Lin and Lin, 2010). 

Rogan et al. (2013) also found that the disappearance of tree canopy cover was the key reason for urban 

warming. Sizes of the crown, the key component generating shade, significantly correlated with tree 

cooling efficiencies (Lin and Tsai, 2017). Additionally, trees can cool the indoor environment, prevent 

sunlight from directly reaching building elevations and shading walls, decreasing energy consumption 

needed for cooling. A number of studies have investigated different species of trees in terms of their 

cooling effects. They involved biological effects related to thermal extremes (Kong et al., 2017). For 

instance, Ficus microcarpa had better cooling effect (reducing PET by 32.4 °C) than other species (i.e., 

Mangifera indica) due to its higher leaf transpiration rate (Zheng et al., 2018). Trees usually have higher 

efficiencies of transpiration in sunny days (Mballo et al., 2021). 
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During tree canopy growth, water evaporates from the leaves when sunlight approaches the canopy, 

and trees absorb more solar radiation (Crandall Park Tree, 2018). This process increases atmospheric 

humidity (Gupta et al., 2018), which reduces temperatures. In addition, when the sun’s radiation reaches 

the ground, the reduced surface heat absorption and storage of dark asphalt (Ennos, 2015) also mitigate 

UHI. Trees with efficient transpiration are more effective at cooling as it improves evaporation, 

increases atmospheric humidity, and cools down the environment. Cooling is also enhanced by a larger 

quantity of leaves (Rahman et al., 2019).   

The cooling effect of trees also varies depending on different environments. In terms of land cover, 

trees next to asphalt result in higher cooling intensities than in lawns (Rahman et al., 2019). In terms of 

site openness, trees in canyons (Chatzidimitriou and Yannas, 2017) have better cooling effect than open 

spaces (Peper and McPherson, 1998). These phenomena are caused by the thermal effects of openness 

(Hien and Jusuf, 2009) and albedo (Akbari and Matthews, 2012). Additionally, it can be hypothesised 

that the cooling effect of trees may vary depending on different influential levels of large water bodies 

nearby. Land cover and openness alter the effectiveness of tree cooling. The hypothesis about water 

bodies was established for their cooling effects (Steeneveld et al., 2014). 

1.5 Aims and scope of this research 

This study aims to explore tree cooling effects on the outdoor thermal environment in a subtropical 

coastal city in Australia. Trees in groups in the urban green spaces and individual trees will be studied 

separately. Eighteen urban parks (nine points equally distributing in each park) around the city were 

selected as samples supporting grouped tree studies and 16 independent trees supporting individual tree 

studies. The sample sizes might be suitable for this study. Grouped trees were indicated by tree coverage 

(ratio, %). For statistical simplicity, the values of the indicator were rounded to 5%, i.e., 10%, 15%, 

20%. A too large number of samples would cause data repetition. This is also available for individual 

trees. Further, such simple sizes have been used by some previous studies, such as Shojaei et al. (2018) 

studying 3 parks, Lin et al. (2012) studying 8 points in one park, and Daramola and Balogun (2019) 

studying 16 individual sites. Factors that influence the effectiveness of tree cooling are discussed and 

predictive models are developed.      
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The thesis comprises seven chapters.  

The introduction chapter describes issues faced by current generations. Due to worldwide urbanisation 

and global warming, humans are suffering from serious thermal stresses, even that threaten their 

survival. The threats include several aspects, high mortality, poor health, low urban vitality, and 

negative social orders. This problem is described in detail in Section 1.1.3 with abundant practical 

supporting examples.  

After the problem statement, relevant studies are reviewed. The literature review chapter presents 

findings and methods of studies in the field, which provides clear directions for this research. The 

literature review focuses on vegetation and/or water surfaces for urban heat stress mitigation. 

Limitations of existing studies were identified during the review, which provide opportunities for 

further investigation. Regarding research gaps, some new problems will be identified that are worthy 

of being addressed, with detailed research designs and objectives. 

A detailed research plan is developed regarding research gaps and aims. Methodologies are described 

in Chapter 3. Reviewed studies are available as principles of this chapter. Data collection is divided into 

three parts. Different tree coverages in parks with different distances from the sea are studied in Chapter 

4 (Part 1), and individual trees are studied in Chapters 5 (Part 2) and 6 (Part 3).     

Results are presented step by step to achieve the research aims. The collected data is collated and 

analysed. Each chapter contains one part. Part 1 focuses on grouped trees and is presented in Chapter 

4. This part discusses park cooling intensities at different time points and significant changes in various

physical characteristics according to the time sequence. Part 2 proposes several parameters indicating 

the physical characteristics of trees from various aspects in Chapter 5. The cooling performances of 

trees are also compared. Part 3 further explores the thermal effects of individual trees. Temperature 

changes according to different distances from the trunk of all tree samples are shown in Chapter 6. 

Chapter 6 also presents changing regulars towards physical characteristics of trees.

Chapter 7 concludes the study with main findings and practical implications. 
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2. Literature review

2.1 Methods of studying trees’ cooling effects  

Urban heat mitigation strategies are usually explored by statistically associating thermal indices with 

physical parameters. Data collection is an essential step for such studies. There are two methods 

commonly used in this field: field measurement (de Abreu-Harbich et al., 2015) and simulation 

(Taleghani et al., 2016a). However, some large-scale studies have adopted remote sensing (Daramola 

and Balogun, 2019). Each of the methods has advantages and disadvantages. 

2.1.1 Field measurement 

Field measurements are usually conducted physically at sample sites. Collecting real-world data, makes 

the results highly reliable. There are two types of data measured, meteorology data (temperature, wind, 

humidity, radiation etc.(Coutts et al., 2015)) and environmental data (openness (Lin and Tsai, 2017), 

leaf density (Meili et al., 2021), albedo (Hami et al., 2019) etc.). A variety of instruments are available 

for the measurement of these variables, such as Testo 480 (Wang et al., 2021b), cargo-bicycle (Klemm 

et al., 2015b), or Hobo (Wang et al., 2018) for weathers and fisheye lens in physical environments 

(openness) (Guo et al., 2020). Nevertheless, the instruments can only acquire data from their locating 

sites, mostly ranging within 1.5 m (Zhang et al., 2019b). Therefore, samples need to be strictly selected 

to meet the research needs for specific environmental characteristics (Lai et al., 2019). Klemm et al. 

(2015b) measured different tree canopy cover sites and found the MRT variation with various coverages. 

de Abreu-Harbich et al. (2015) compared a wide spectrum of tree species and found the PET within 

their shades were reduced differently. A similar result was also found by Rahman et al. (2020) where 

they installed sensors on several sample tree trunks for nearly one year. 

2.1.2 Simulation 

Simulation creates virtual scenes with certain features and there are several digital tools supporting 

simulation, such as ENVI-met (Rinchumphu et al., 2021), CFD (Taleghani et al., 2016a), and 

SOLWEIG (Kong et al., 2017). Environments could be established with diverse elements meeting 

researchers’ special targets. The scenes were usually developed from real urban sites. For instance, a 
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study in Munich chose a street in the city centre as the context to simulate various vegetation cover 

options and compared their thermal environments (Zölch et al., 2019). However, as a virtually created 

scene, it was difficult and impractical to include all possible factors which might cause errors. Some 

studies attempted to improve reliability by statistically associating real-measured data with simulated 

data (Sodoudi et al., 2018). Morakinyo et al. (2017) simulated various species of trees and their 

performances of PET reduction, confirming that trees with high LAI and/or height had better cooling 

effects. This phenomenon was also found by Sun et al. (2017). Large trees provided significantly more 

cooling than shrubs in simulation scenes (Rinchumphu et al., 2021).      

2.2 Indices for quantifying tree cooling effects 

Cooling effects of various elements were measured by several of their alteration thermal indices, 

including temperature, wind, radiation, and relative humidity. Thermal environment/comfort is a 

complex phenomenon that is affected by a variety of meteorological parameters. For a comprehensive 

evaluation, there have been many complex parameters that contained several factors, including 

physiological equivalent temperature (PET) (Höppe, 1999), universal thermal climatic index (UTCI) 

(Blazejczyk et al., 2012), mean radiant temperature (MRT) (Thorsson et al., 2007), and standard 

effective temperature. Air temperature (AT) (Teshnehdel et al., 2020), as a simple measure determined 

directly by an instrument, was used in some studies. Cooling effects can be evaluated by comparing the 

temperature at the sites under crowns of different samples, including MRT (Jamei and Rajagopalan, 

2017), AT (Klemm et al., 2015a), and PET. Temperature differences between one fixed reference and 

another sample were also measured by some studies, such as ∆T (Rahman et al., 2020), ∆PET (Sun et 

al., 2017), ∆MRT (Morakinyo et al., 2018), and SUHII (∆LST) (Zhou et al., 2018). Some studies used 

temperature difference as park cooling intensity (PCI) (Feyisa, Dons et al. 2014).   

2.2.1 Air temperature and air temperature difference (∆T) 

Air temperature (AT, °C) is a simple and easily measured meteorology index. It is broadly used in 

weather report and scientific research due to its simplicity. In outdoor thermal environment (OTE) 

studies, air temperatures were often utilised indicating site thermal conditions and evaluating human 

adaptation behaviours. ATs at sites with denser vegetation were lower by 4 °C in maximum (Doick et 
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al., 2014). People attendances in parks were negatively correlated with AT in summer while positively 

during winter (KÁNTOR et al., 2009). Heating/cooling intensities of certain elements could be 

evaluated by air temperature difference (∆T). The temperature difference is a simple thermal index as 

well. It is frequently used in weather forecasts and climatology, such as UHII (Zhou et al., 2018). Air 

temperature in parks closer to the sea is lower by 0.5 °C (Cheung et al., 2021). Nevertheless, the PCI 

was affected by various physical characteristics (Peng et al., 2021). Tilia cordata caused a ∆T of 2.8 °C, 

which is higher than Robinia pseudoacacia (Rahman et al., 2020). A geometry study also found a linear 

correlation with SVF (∆T = –2.0754SVF + 4.4586, R2 = 0.60) (Svensson, 2004).  

2.2.2 Wind 

Thermal environment is also affected by other parameters. According to physical sciences, wind (m/s) 

can improve water evaporation (Davarzani et al., 2014) and disperse gathered heat. These processes are 

significant for temperature reduction. Varying air velocities cause different thermal perceptions for 

people who are at the same air temperature level (Xie et al., 2019). Thermal effects of wind vary under 

different conditions. People felt stress-free in the presence of wind under hot conditions (Feitosa et al., 

2021) but stressed if it was cold.  Spangenberg et al. (2008) through computer simulation, studied the 

effect of street trees on wind speed in São Paulo. They found that street trees could reduce wind speed 

by 45%. 

2.2.3 Relative humidity 

Relative humidity (%) is influential for subjective perceptions and objective environment thermally 

(Sherwood, 2018). Higher air humidity means more water in the atmosphere. With evaporations, heat 

from the air gets absorbed, thus cools down the environment (Li et al., 2021). Sites canopied by trees 

are measured with higher humidity than open ones (Zheng et al., 2018). Exact thermal effect of this 

phenomenon is still under debate. Although, by reducing temperatures, it is not sure if high humidity 

causes thermal comfort or discomfort (Eludoyin et al., 2014). 
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2.2.4 Mean radiant temperature & ∆mean radiant temperature 

Some indices mentioned in the previous section partially affect thermal environment. To 

comprehensively evaluate this phenomenon, some complex indices were proposed. The mean radiant 

temperature (°C) is a complex index developed from three climatic parameters (Thorsson et al., 2007). 

It includes AT, global temperature (GT), and air velocity (AV) and represents the objective thermal 

environment relevant to radiation. The MRT is usually calculated by Eq (1) in some conditions:   

MRT = [(< 𝜃𝑔 > +273) 4 +
1.01X108<𝑉> 0.6

𝜀𝐷0.4 (< 𝜃𝑔 > −< 𝜃 >)]  1/4 − 273 (°C), Equation 1

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

emissivity (0.95), and the diameter of the globe thermometer (0.15 m), respectively. The MRT 

decreased with changes in park canopy degrees (Herrmann and Matzarakis, 2012). A simulation study 

in Iran also showed that MRT decreased by 20.04 °C with an increase in tree cover (Teshnehdel et al., 

2020). A maximum MRT reduction of 11 °C was found in Melbourne due to a roadside tree plantation 

(Jamei and Rajagopalan, 2017). The MRT was simulated to decrease by more than 20 °C due to street 

trees in urban canyons (Spangenberg et al., 2008). Increasing LAI by one point reduced MRT by more 

than 5 °C (Guo et al., 2020). A ∆MRT means the difference in MRT, evaluating the cooling intensity 

of certain environmental factors. A green cover increase of 30% contributed to ∆MRT of 9.1 °C 

(Morakinyo et al., 2018). 

2.2.5 Physiological equivalent temperature (PET) 

The PET (°C) was originally advanced with a hypothetical scene that meet certain standards (MRT = 

air temperature; work metabolism = 80 W; heat resistance of clothing = 0.9 clo; air velocity = 0.1 m/s; 

water vapour pressure = 12 hPa) (Höppe, 1999). Under these conditions, PET was hypothesised to be 

equal to air temperature. The index is a heat balance equation from the MEMI (Munich Energy Balance 

Model for Individuals). In present-day studies, PET is usually calculated using a software called 

RayMan by inputting all parameters (Matzarakis et al., 2007). The software developed at the University 

of Freiburg was frequently used for urban climatology and climate studies. The PET was frequently 

used in thermal environment/comfort studies.  Evergreen trees rectangularly planted in the outer rows 
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caused higher PET reduction (Abdi et al., 2020). The same objective was realised by combining trees 

with grasses (Lobaccaro and Acero, 2015). The PET could thus be reduced by up to 2 °C with green 

spaces (Sun et al., 2017). However, some studies revealed that the PET is negatively correlated with 

vegetation cover (Yang et al., 2017a). Residents in Chengdu voted a PET of 24.4 °C as the most 

comfortable point (Zeng and Dong, 2015).  

2.2.6 Universal thermal climate index (UTCI) 

The universal thermal climate index (UTCI, °C) is another complex index based on the Fiala multiple 

model (Blazejczyk et al., 2012). It was hypothesised with a scene differing from PET (MRT = air 

temperature; air velocity = 0.3 m/s; relative humidity = 50% etc.). The UTCI decrease varied with 

different types at different times of the day (Meili et al., 2021). The UTCI could be reduced by up to 

3.3 °C depending on the altering of locations and numbers of trees. Large trees lead to maximum 

daytime UTCI reduction (Cheung and Jim, 2018a) whereas street trees can reduce UTCI maximum 

shallow canyons (Coutts et al., 2015). People from Umeå selected a UTCI of around 14.5 °C as their 

summer neutral feeling (Yang et al., 2017b). 

2.3 Influencing parameters of cooling effects of urban green spaces 

Generally, landscape composition and configuration play vital roles in UHI mitigation (O’Malley et al., 

2015; Skelhorn et al., 2016) and researchers define the ratio of different lands to identify vegetation. 

Cooling intensities of large scale vegetation were found to vary depending on the area (Chang et al., 

2007). Larger size vegetation has better cooling effects, but their cooling performances vary throughout 

the day. For instance, at midnight, air temperature exhibits a significant correlation with vegetation 

cover (Yan et al., 2018b). Large vegetation effectively cools their surrounding area and can reach 300 

m horizontally (Hamada and Ohta, 2010). To explore the cooling effectiveness of trees, the roles of 

vegetation area, size, ratio, and tree cover were investigated. An increase in tree cover of 10% can cause 

a temperature decrease of 0.26 °C in the daytime and 0.56 °C during the evening (Yan and Dong, 2015). 

A tree coverage of 40% can cause a temperature reduction of 0.5 °C (Giridharan et al., 2008). Urban 

water surfaces, including rivers, lakes, and reservoirs, are important for adjusting urban climate due to 

the high heat capacity (Evans, 2016) and low thermal conductivity (Engineering ToolBox, 2018) of 
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water. Locations next to the river, are cooler up to 5 °C, 3.3 °C, and 1.82 °C in Hiroshima (Murakawa 

et al., 1991), Shanghai (Du et al., 2016), and Sheffield (Hathway and Sharples, 2012), respectively. 

Like vegetation, the cooling effects of water bodies are affected by their physical characteristics, such 

as size, shape, distance, and the local climate (Sun and Chen, 2012).  

Grouped trees are a significant part of vegetative spaces. The cooling effect of trees has been studied 

frequently in recent years. They were mostly studied from two aspects, trees in groups (Yang et al., 

2020) and individual trees (Roloff et al., 2009). Groups of trees were usually studied in parks (Milošević 

et al., 2017). These are natural vegetated lands in the city centre with certain facilities that support 

dwellers’ outdoor activities.  

Several parameters can affect the cooling effect of groups of trees, including tree coverage, planting 

pattern, proximity to water bodies, size and configuration of the green area, and air temperature of the 

surrounding environment. The following sections discuss these important factors.   

2.3.1 Tree coverage 

Several studies have investigated tree canopy cover (Ziter et al., 2019) or tree coverage (Jamei and 

Rajagopalan, 2017), both of which refer to the ratio of tree covering. Rogan et al. (2013) found that a 

decline in tree cover was the key reason for regional warming. Sites covered by more trees have been 

found to reduce MRT by 20.04 °C in Tabriz (Teshnehdel et al., 2020). Chan and Chau (2021) found 

that sunlight blockage was the main reason for cooling in Hong Kong. A 35% increase in tree coverage 

decreased SET by 0.5 °C, but the degree of change differed with the range of cover (non-linearly 

correlated) (Xiong et al., 2020). The cooling effect of tree cover varies with the time of the day (Meili 

et al., 2021). Previous studies on this subject have confirmed that an increase in tree cover can cool 

down the environment. However, the cooling performances vary depending on contextual conditions.  

Sites covered with trees measure cooler than the surrounding open areas based on physical and 

biological effects. Photosynthesis (Rawson et al., 1977) and transpiration (Rahman et al., 2019) 

properties are important drivers of cooling (see Fig. 2.1). The reason is that physical properties reduce 

the sunlight on the site surface. Higher coverages cause a greater light obstruction. Besides, the 
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biological effects consume heat energy in the atmosphere, resulting in cooling. These effects generate 

water vapour, which increases atmospheric humidity.   

Fig. 2.1. Principles of tree cooling (processed by the author). 

2.3.2 Design and planning of tree planting 

Planting trees requires design and planning from various perspectives. Orientation (Sodoudi et al., 2018), 

horizontal distance (Srivanit and Jareemit, 2020), form plans (Rahman et al., 2020), and enclosure area 

(Guo et al., 2020) have been considered in previous studies. Optimal planning is effective for natural 

ventilation, shading, and relative humidity, which correlates with thermal environment. The MRT has 

been found to decrease by 5 °C when the enclosure area changed from 100 to 10 m2 (Guo et al., 2020). 

Rectangle planting with evergreen species in rows significantly (p < 0.05) decreased the temperature 

compared to triangular planting (Abdi et al., 2020). Trees planted in urban canyons cooled more 

efficiently than in open spaces, as did species with short trunks (Kong et al., 2017). Trees when planted 
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more densely had better cooling performances, although planting trees too close to each other can 

negatively affect growth (Rahman et al., 2020).   

2.3.3 Size and configuration of the green areas 

The cooling performance of green areas is affected by their physical characteristics. Generally, larger 

green spaces have better cooling effects and exhibit higher cooling intensities (Chang et al., 2007). The 

shape of green areas is also important. Previous studies used a shape index to evaluate the relationship 

between green area shapes and their cooling performances and found a significant effect. Other indices 

found to correlate with thermal stresses, including normalised difference vegetation index (NDVI) 

(Zhumanova et al., 2018), vegetation cover (Neinavaz et al., 2020), leaf area index (LAI) (Rahman et 

al., 2018), and sky view factor (SVF) (Ahmadi Venhari et al., 2019).     

2.4 Parameters that influence the cooling effect of individual trees  

Individual trees could be studied in parks, streets, and other open sites (Yang et al., 2020) using various 

parameters. 

2.4.1 Tree species 

Various parameters are used to measure trees individually, which is helpful for studying their cooling 

performances. The cooling effect of trees varies with species. For example, Tilia cordata Mill has better 

cooling effects than Robinia pseudoacacia L. (Rahman et al., 2020). Schima superba has better cooling 

effects than Eucalyptus citriodora and Acacia auriculaeformis due to favourable biological properties 

(Chen et al., 2019). Pyrus calleryana and Crataegus laevigata show higher cooling efficiencies than 

Prunus ‘Umineko’, due to their wider canopies, denser leaves, and higher stomatal conductance 

(Rahman et al., 2014). Different species also show different cooling effects due to the rates of 

transpiration and evaporation (Gupta et al., 2018). 

2.4.2 Biological characteristics of trees 

Previous studies have discussed the biological properties of trees, of which transpiration is the most 

commonly considered. Transpiration effects can adjust the components in the atmosphere, e.g., vapour 

and changes in the thermal environment (Mballo et al., 2021). Transpiration is also different depending 
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on the seasonal leaf habit of trees (Abdi et al., 2020) as deciduous trees have different thermal 

performances (de Abreu-Harbich et al., 2015). Several detailed biological characteristics related to 

geometry have also been considered. For instance, the shape of leaves and crowns can influence a trees' 

thermal performance (de Abreu-Harbich et al., 2015). Species with higher transpiration have greater 

cooling capabilities due to higher water vapour (Rahman et al., 2019). 

2.4.3 Physical characteristics of trees 

Biological characteristics are not numerical parameters. They limit statistical analysis. Hence physical 

characteristics of different tree species, such as dimension and leaf quantity/density, are defined. Several 

parameters have been used to represent physical characteristics. Most were defined for individual trees 

and are significantly correlated with the thermal environment. Trees with a large crown width are cooler 

than those with a small crown (Altunkasa and Uslu, 2020), and taller trees have better cooling intensities 

than shorter ones (Yang et al., 2018b). Conversely, trunk height negatively correlates with cooling 

effects, where trees with shorter trunks cool more efficiently (Kong et al., 2017). These characteristics 

are summarised in the following paragraphs. 

Individual trees have many parameters that may affect cooling, even though they occupy a small area 

of land. The parameters can be categorised based on their common properties, for example, dimensional 

size and leaf density.  

Dimensional sizes encompass horizontal and vertical directions. Crown width (Decuyper et al., 2020), 

length (Altunkasa and Uslu, 2020), and diameter (Teshnehdel et al., 2020) can indicate horizontal 

dimensions. Those horizontal dimensions can determine the extent of the canopy and decide shade areas, 

which are directly related to cooling. Increasing the crown radius from 1 m to 7 m can reduce PET by 

more than 15 °C  (Wang et al., 2021a). The height of a tree (Sun et al., 2017), the crown (Morakinyo et 

al., 2018), and the trunk (Altunkasa and Uslu, 2020) can be indicative of vertical dimensions. Vertical 

dimensions indirectly affect cooling performance (Wang et al., 2021a). The advantages of short trunks 

were discussed by Kong et al. (2017), Morakinyo et al. (2017), and Morakinyo and Lam (2016). 
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The size of a tree does not fully represent its physical characteristics. Leaf density is also used to explore 

thermal effects related to LAI (Rahman et al., 2020) and LAD (Mballo et al., 2021). LAI refers to the 

ratio of total leaf area to the ground area. LAD is the ratio between LAI and crown height, which is the 

total leaf area in a unit volume. The LAD and LAI are interconvertible between each other. The value 

of LAI can be acquired from WinSCANOPY, which simplifies the data collection process. The density 

and quantity of leaves impact canopy extension (Guo et al., 2020) and transpiration efficiency (Zheng 

et al., 2018), and in turn, the effectiveness of cooling.   

Many tree parameters were studied since each of them partially affects thermal performances. 

2.5 Other contextual factors that affect tree cooling effects 

Earlier studies have found that the cooling effect of trees varies depending on the contextual 

environment (Chatzidimitriou and Yannas, 2017). For instance, the cooling intensities of trees planted 

next to asphalt were 3 °C warmer than those planted in the lawn due to the thermal effects of albedo 

(Rahman et al., 2019). In addition, trees grown in canyons (low SVF) also exhibit significant cooling 

effects (Tan et al., 2016).  

2.5.1 Sky view factor (SVF) 

The sky view factor (SVF) is a parameter from WinSCANOPY (WinSCANOPY, 2017) (Fig. 2.2). It 

evaluates the openness of a site, which means the ratio of visible sky in a hemisphere image (Fig. 2.3). 

Values of SVF are calculated based on the estimated field measurement of a fisheye lens. Sites with 

low SVF acquire less sunlight and poor natural ventilation and are generally cooler during sunny days 

(Feyisa et al., 2014). The thermal effects of SVF have been frequently studied. Temperatures have been 

found to vary with SVF in Peking (Yan and Dong, 2015), Toronto (Chen and Ng, 2012), and Hong 

Kong (Cheung and Jim, 2018b). The SVF is generally negatively correlated with thermal indices 

(Svensson, 2004). In addition to SVF, the height to width ratio (H/W) is also used to evaluate site 

openness and is related to thermal effectiveness (Lobaccaro and Acero, 2015). City canyons with high 

H/W might be cooler due to more created shade (Emmanuel and Johansson, 2006). However, it is only 

suitable to use for built-up areas. 
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Fig. 2.2. A fisheye image for the estimation of sky view factor (SVF) 

Fig. 2.3. Process of estimating sky view factor (Marcus White, 2015). 

2.5.2 Albedo 

The heat absorption efficiency of a surface is an important driver of thermal dynamics. Materials with 

light colours are relatively cool due to their high reflectivity (Nasa, 2005) and are commonly used for 

building envelopes or pavements (Taleghani, 2018b). White materials on building surfaces are 

thermally effective for indoor and outdoor spaces, as demonstrated by studies conducted in Athens 

Image removed
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(Doulos et al., 2004) and Almeria (Campra et al., 2008). An increase of land albedo by 0.1 caused air 

temperature decreases of 0.6 °C in Los Angles (Rosenfeld et al., 1995) and 0.3 °C in Portland (Taleghani 

et al., 2014), affecting thermal perceptions. For example, people voted a PET of 28.6 °C as neutral in 

Tempe (Middel et al., 2016). However, residents in most other areas felt that temperature was warm 

(Nasrollahi et al., 2021). This discrepancy may be due to a special climate in Tempe caused by desert 

cover. 

2.5.3 Proximity to water bodies 

Areas surrounding water bodies, such as a riverbank, are usually cooler than areas further away 

(Murakawa et al., 1991). The thermal performance of areas next to water bodies varies depending on 

weather, season (Ellison et al., 2017) and time of the day (Hathway and Sharples, 2012). The cooling 

effect of trees within their influential ranges might be affected at various levels. 

Water surfaces are natural cooling elements. For a wide river, a temperature reduction of 3.3 °C can 

occur within 740 m from the water's edge (Du et al., 2016). The degree of cooling is greater in the warm 

months (Hathway and Sharples, 2012) but only occurs during the daytime. The size of the water body 

is the most important factor affecting the cooling intensities (Theeuwes et al., 2013).  

Water surfaces cool nearby areas due to their high specific heat capacity (SHC). As the largest natural 

waterbody, the ocean affects the temperature of the surrounding land to different degrees depending on 

the distance. The DFS has been identified as an important climatic factor (Regenerative, 2017). 

Generally, water has higher SHC (Bitesize, 2018) than other substances (Table 2.1). As a result, water 

is harder to heat than other substances, given the same level of radiation, and this is why the ocean 

surface is cooler than the surface of the land. This process warms the air temperature above land. 

Warmed air elevates and moves out to the sea while the air above the sea surface moves onto the land 

(Fig. 2.4), forming a circle, which is the process of sea breeze during the day (Monster, 2007b). Coastal 

areas, therefore, are usually relatively cool. Nevertheless, this process only occurs in the daytime. 

During the evening, the sea surface breeze moves from the land to the sea. It can be inferred that sea 

cooling is more/only significant during the day. Parks with different distances from the sea might be 
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thermally affected by this process and the effects might vary depending on the time of day. Proximity 

to a waterbody is used as one of the factors affecting cooling by trees in this study.  
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Table 2.1. Specific heat capacity (SHC) values of common substances 

Substances SHC Value (kJ/kg*℃) Density (D, kg/m3) 

Water 4.186 997 

Soil 0.8-1.48 (Depending on Wetness) 2650 

Concrete 1.00 2400 

Timber 2.3 630 

Air 0.716 1.225 

Fig. 2.4. Specific heat capacity affects temperature change on water and land (Olson, 2016). 

2.6 Research gaps 

Previous studies have investigated the cooling of trees from various aspects. Their findings are helpful 

for future urban design and planning from the aspect of thermal environment improvement. 

Nevertheless, there are still some factors unconsidered, which are listed as follows: 

Previous studies have explored the cooling effect of trees in various physical environments, including 

sites with different openness and land use (albedo), and found significantly thermal correlations. Trees 

growing in canyons were significantly more cooling than those in open sites. Greater cooling intensities 

have also been found for hard surfaces compared to lawns due to the thermal effects of openness and 

surface reflectivity. Water surfaces are naturally cooling for their surrounding area. Therefore, trees 

located in those areas might be thermally influenced by water. Tree cooling effects within the influential 

scopes of a large waterbody like the sea have rarely been studied. 
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The thermal environment of parks varies depending on their environmental characteristics. Selecting a 

large number of sample parks for thermal performance comparisons has rarely been done. Various parks 

as quantitative samples were rarely used, and multiple comparisons among diverse parks were rarely 

analysed.  

There are a variety of parameters used to measure the cooling properties of trees. Most of them describe 

one aspect of trees, which offers only a partial explanation. For instance, TCD indicates canopy 

extension, which could affect shading levels. Nevertheless, among trees with the same TCD, the one 

with a shorter trunk might be more cooling. There is a lack of research on the complex parameters that 

determine the characteristics of trees that influence the thermal performances of trees. 

Moreover, previous studies generally selected one point under the crown of any sample tree for thermal 

data collection. The selected point was usually cooler than the surrounding non-shaded areas. Hence 

the results of those studies cannot be extrapolated beyond that selected point, limiting inferences about 

the microclimate of the entire tree. Given that tree crown shade usually covers tens of square meters of 

land, there might be considerable temperature differences in the shaded area. This difference could 

cause considerable bias in the data both within and between different studies.  

2.7 Research objectives 

This project aims to conduct a detailed investigation into the cooling effect of trees. Physically, trees 

were sampled as both groups and individuals. Climatically, trees were selected from sites with cooling 

effects resulting from a large waterbody (the sea). They may have been thermally affected by the sea to 

different degrees, which helps to compare thermal performances in those selected sites. The three 

research objectives of this study are elaborated on below:     

• The cooling effect of trees was confirmed to vary depending on different environmental thermal

influencing factors. For instance, site openness and land cover (albedo) used to be investigated

as factors that influence thermal dynamics. However, the effect of large water bodies (e.g., the

sea) have been rarely studied. This study aims to explore the cooling effect of trees in different

locations around a coastal city, taking the thermal effect of the sea into consideration (Part 1).
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• There were several parameters proposed by other studies to influence the cooling effect of trees.

Most of them investigated only one aspect of a tree’s physical characteristics, making a

comprehensive evaluation of thermal performance difficult. This study combines various

simple parameters to develop a complex and more accurate description of tree characteristics

(Part 2).

• There were many cooling factors selected by previous studies, yet temperature differences

among them were rarely considered. This study aims to identify the temperature distribution

around the site under individual tree canopies (Part 3).

2.8 Hypothesis 

This research was conducted in a subtropical city with special geography and a specific climate. The 

following hypotheses are proposed based on previous studies in the field.  

The cooling effect of trees has been confirmed to vary depending on contextual environments. For 

instance, openness and land use (albedo) were found to be relevant. For trees located in a coastal city 

with different distances from the sea, their cooling performances might be affected by the sea to some 

extent. Part 1 of the research will test this by analysing their significance variation. 

There were several simple indicators proposed to evaluate the physical characteristics of individual 

trees in previous studies. They mostly involve one physical characteristic of the tree (e.g., diameter and 

height). However, any of the characteristics could affect tree cooling performance independently. Part 

2 proposes new complex parameters combining several simple ones. They are calculated from each 

tree’s cooling properties (negative or positive). It is hypothesised that the complex parameters will show 

stronger correlations with cooling indices compared to simple ones.  

Temperatures might also vary depending on sample locations under a tree crown. Part 3 measures 

various points around the canopied sites, at different distances from the trunk, under several individual 

sample trees. It is hypothesised that temperatures gradually increase away from the trunk and the 

increased intensity meets certain regulars.     



42 

3. Methods

3.1 Research design 

This study is conducted on field measurements of tree thermal performance. The field measurements 

included collecting the thermal data from groups of trees, individual trees, and different locations under 

the canopies of individual trees. Generally, the research is divided into the following three parts. 

Part 1 – Cooling effect of groups of trees (Jan. to Mar. 2018). This part explores how the site’s physical 

factors affect its thermal environment in coastal areas, including tree density and distance from water.  

Part 2 – Cooling effect of individual trees (Dec. 2019 to Jan. 2020). This part involves proposing 

complex parameters that can comprehensively indicate the physical characteristics of individual trees, 

which may impact the thermal environment. During data collection, various samples were selected with 

different physical characteristics, such as size and leaf density, where each sample was grown in an 

open space with minimal nearby obstructions (no shade coverage).  

Part 3 – Cooling effect of various sites under the crowns of individual trees (Dec. 2019 to Jan. 2020). 

The temperature distribution would meet certain statistical regulars (e.g., temperature increases towards 

distance from the trunk), and selection criteria for samples was the same as Part 2.   

All field measurements were conducted in the Gold Coast, a subtropical city on the east coast of 

Australia facing the Pacific Ocean. 

3.2 The cooling effect of urban parks and its influencing factors 

3.2.1 Sample selection 

Eighteen urban parks around the Gold Coast were selected as samples. The parks varied depending on 

their physical characteristics, including tree coverage and distance from the ocean which were 

potentially affecting the thermal properties.  

This part aimed to explore the cooling effect of groups of trees (parks) and water surfaces, as well as 

their interacting impacts. Samples were selected strictly: all the selected parks had different tree covers 
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and distances from the sea. In addition, as important spaces enriching residents’ daily life, there were 

specific properties for each park, listed in Table 3.1  (City of Gold Coast, 2018).  
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Table 3.1. Information on all parks. 

Name Musgrave Park 

Location and area Musgrave Avenue, Southport; 17.99 hectares  

Facilities and 

suggested outdoor 

activities  

Footpaths, barbecues, off-leash dog area, and dense vegetation cover off walkways; dog 

leashes and picnics were suggested here.   

Fisheye and 

environment images 

Name Tenth Avenue Park 

Location and area Tenth Avenue (coast); 1.00 hectare 

Facilities and 

suggested outdoor 

activities  

Few facilities; having a good time on the beach was selectable. 

Fisheye and 

environment images 

Name Sun Valley Park 

Location and area Parasol Street, Ashmore; 11.44 hectares 

Facilities and 

suggested outdoor 

activities 

Fitness stations and picnic tables; physical exercises and picnics were encouraged here. 

Image removed

Image removed
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Fisheye and 

environment images 

Name Ward Park 

Location and area Residential area in Southport; 9.88 hectares 

Facilities and 

suggested outdoor 

activities  

Fenced park with children's play equipment; people preferring quietness and canopies 

usually attended there. 

Fisheye and 

environment images 

Name Macintosh Park 

Location and area Surfers Paradise; 8.88 hectares 

Facilities and 

suggested outdoor 

activities  

Slides, climbing equipment, swings, and children’s playground; family gathering, picnic, 

barbecue, and walking were suitable here.   

Fisheye and 

environment images 

Name Matthew Prior Park 

Location and area Low Drive, Upper Coomera; 1.20 hectares 

Facilities and 

suggested outdoor 

activities 

A pavilion and some trees; people could rest in the shade.  

Image removed

Image removed
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Fisheye and 

environment images 

Name Cavil Park 

Location and area Cavil Avenue, Surfaces Paradise (office area); 0.13 hectares  

Facilities and 

suggested outdoor 

activities  

Chairs under trees; officers could have a break here after busy day of work. 

Fisheye and 

environment images 

Name Arthur Earle Park 

Location and area Pacific Highway; 4.28 hectares 

Facilities and 

suggested outdoor 

activities  

Facilities for BMX and skating, lake, and disability toilets; dwellers could enjoy 

themselves through boating, barbecue, skating, and picnics. 

Fisheye and 

environment images 

Name Harry Brown Park 

Location and area Tulip Street, Miami; 1.03 hectares 

Facilities and 

suggested outdoor 

activities 

Playground and picnic facilities, with a Golf Club nearby. 

Image removed

Image removed

Image removed
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Fisheye and 

environment images 

Name Lionel Perry Park  

Location and area Peninsular on Nerang River; 2.09 hectares 

Facilities and 

suggested outdoor 

activities  

A playground and a water surface provide entertainment for boating and picnics 

Fisheye and 

environment images 

Name Crocker Park 

Location and area Markeri Street, Mermaid Waters; 2.14 hectares 

Facilities and 

suggested outdoor 

activities  

There were picnic tables and a playground; apart from specially petanque, various 

outdoor activities were available here. 

Fisheye and 

environment images 

Name Evandale Park 

Location and area Ouyan Street, Surfers Paradise; 19.16 hectares 

Facilities and 

suggested outdoor 

activities 

Stroll, picnic, jogging, swimming, and nippers training could be implemented in this 

park. 

Image removed

Image removed

Image removed
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Fisheye and 

environment images 

Name Ingle Park 

Location and area Old Coach Road, Tailai; 54.34 hectares  

Facilities and 

suggested outdoor 

activities  

A children playground with facilities; visitors could do exercise and have picnics here. 

Fisheye and 

environment images 

Name Neddy Happer Park 

Location and area Surfers Paradise (Gold Coast Highway), 1.81 hectares 

Facilities and 

suggested outdoor 

activities  

Picnic and playground enriched local dwellers, especially children. 

Fisheye and 

environment images 

Name Neal Shannon Park 

Location and area Surfers Paradise; 0.74 hectares 

Facilities and 

suggested outdoor 

activities 

Paradise Island and river, recreational activities can be enjoyed here. 

Image removed

Image removed

Image removed
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Fisheye and 

environment images 

Name Woodroffe Park 

Location and area Lawson Street, Southport; 1.04 hectares  

Facilities and 

suggested outdoor 

activities  

Residents could have picnics on the tables and have fun in the playground. 

Fisheye and 

environment images 

Name Appel Park 

Location and area Ferny Avenue, Surfers Paradise; 0.73 hectares 

Facilities and 

suggested outdoor 

activities  

Sculptures provide a historical atmosphere; people could enjoy the river view by boating 

or walking. 

Fisheye and 

environment images 

Name Doug Jennings Park 

Location and area Sea World Drive; 7.60 hectares 

Facilities and 

suggested outdoor 

activities 

A bare park with no facilities except a shower room, serves visitors enjoying water 

activities.  

Image removed

Image removed

Image removed
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Fisheye and 

environment images 

All 18 parks were fully covered by lawns, with tree cover being the key differentiating factor in their 

surface vegetation. Therefore, this study adopted tree coverage as a physical parameter. Selected parks 

were distributed around the Gold Coast city, with different distances from the sea (DFS). It was 

expected that DFS might result in different thermal environments. Therefore, DFS was used as another 

physical parameter. The location of all parks and their maps are illustrated in Figs. 3.1 and 3.2. The 

values for park tree coverage (PTC) and DFS are listed in Table 3.2.    

Fig. 3.1. Locations of all sample parks and the reference station. 

Image removed

Image removed
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Fig. 3.2. Maps of all parks and the selected points around them. 
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Table 3.2. Features of the 18 urban parks (ranked by tree coverage). 

Park names Measurement date Tree coverage (%) Distances to the sea (km) 

Musgrave 06/02/2018 85 2.09 

Tenth Avenue 05/02/2018 80 0.41 

Sun Valley 07/02/2018 80 4.04 

Ward 12/02/2018 75 3.24 

Macintosh 19/02/2018 70 0.27 

Matthew 22/01/2018 30 13.30 

Cavil 12/01/2018 70 0.47 

Arthur 20/02/2018 45 8.98 

Harry Brown 13/02/2018 40 1.43 

Lionel Perry 16/01/2018 30 0.84 

Crocker 23/01/2018 30 1.40 

Evandale 21/02/2018 25 1.55 

Ingle 14/02/2018 25 9.70 

Neddy 01/03/2018 15 0.51 

Neal 30/01/2018 15 0.46 

Woodroffe 17/01/2018 15 1.60 

Apple 15/01/2018 15 0.54 

Doug 24/01/2018 10 0.75 

The air temperature of every sample park was measured within one full day. All parks were measured 

on different days, and weather changes sometimes occurred during data collection. Air temperature 

fluctuation from a fixed station was used as the reference (Fig. 3.1). 

3.2.2 Field measurements 

The measurement generally followed ISO 7726 (1998). This part used tree coverage ratio (%) as the 

parameter indicating trees in groups.  The indicator was less affected by other physical factors (e.g., 

park size). Hence, all parks had an equal number (9) of points. Also, nine might be a number that meets 
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the need for equal distribution well. A selected point should be distinct from another one physically in 

the same park. The selected points might be several meters away, varying on park sizes. All samples 

were vegetated by trees, an element defining their microclimate. Nine points were selected for each 

park (as shown in Fig. 3.2). Too few points were hard to fully represent the parks’ characteristics, but 

too many might be unnecessary (sample repetition). For example, P7 and P8 in Ingle Park were both 

open (Fig. 3.2), any point between them might be physically similar. Therefore, there was little need to 

measure one more point between them. Lin et al. (2012) also selected such a point size; yet either of the 

8 points represented one section of the park. The nine points (1 to 9) that were equally distributed inside 

each park were measured by a Testo 480 (Global-Test, 2018). This ensured that the nine points fully 

represented the physical characteristics of each park. Every park was measured three times in one full 

day (morning, afternoon, and evening; approximately from 9:00 a.m. to 7:00 p.m.). All nine points were 

measured in turns, in an order from one to nine, for around 15 minutes. The physical characteristics of 

parks, including tree cover and distance from the sea, were measured on Google maps. The Testo 480 

is an instrument with high-end VAC (Fig. 3.3). It collects meteorological data such as air temperature 

(°C), wind speed (m/s), and global temperature (°C). Properties of its sensors are listed in Table 3.3. 
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Table 3.3. Detailed components and functions of the instrument (Testo 480). 

Sensors Measurement range Accuracy Resolution 

Air temperature sensor −100 to 400 °C ± 0.3 °C 0.01 °C 

Globe temperature 

sensor 

0 to +120 °C ± (0.3 + 0.1% 

measurement value) 

0.1 °C 

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

Fig. 3.3. Photos of Testo 480 (Global-Test, 2018). 

3.2.3 Thermal environment index 

This part aimed to explore the cooling intensity of each park (PCI) and the factors that affected it. In 

UHI studies, UHII (UHI intensity) is often used to measure UHI (Memon et al., 2009) and refers to the 

temperature difference between urban and suburban areas. Air temperature (Zhou et al., 2018) and land 

surface temperature (Li et al., 2018b) are also frequently used as indices. The UHII is significantly 

affected by various urban factors, including vegetation (Peng et al., 2012). This study measured air 

temperature in each park and at the reference station to calculate PCI (Feyisa et al., 2014). The air 

Image removed
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temperature of each park minus the air temperature collected by Griffith Station is defined as ∆T. A 

lower ∆T value indicates a greater cooling effect. 

3.3 Tree crown characteristics and their cooling effects 

3.3.1 Tree measurements  

Sixteen individual trees around the Gold Coast Health and Knowledge Precinct (GCHKP) were selected 

for field measurements and named T1 to T16 (Figs. 3.4 & 3.5). The selected trees are located in open 

spaces with no obstruction from nearby objects. All 16 samples differ in physical characteristics, 

including TCD (Teshnehdel et al., 2020), TTH (Kong et al., 2017), LAI (Rahman et al., 2020), crown 

size, leaf density and species. TCD, TTH and LAI affect canopy extension and shade solidness, and are 

frequently studied in previous research. 

Crown size and leaf density can affect the thermal environment under tree canopies. The tree species 

selected in this study represent the common ones in sub-tropical climates. Ficus, for instance, prefers 

warm rainy weathers; Erythrina crista-galli Linn can grow well in regions with abundant sunlight. 

Detailed information for each tree is listed in Table 3.4. 
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Table 3.4. Details of 16 tree samples for Part 2. 

Number Location and site 

characteristics 

Species Physical and biological properties 

T1 Next to the sports field, 

on the lawn, next to the 

parking site 

Ficus Grow in tropical/subtropical rainy areas. Adult tree 

heights are 20 to 30 m and trunk diameters are 

around 2 m. Leaf colours are dark green (evergreen), 

with large crowns (ZhangWuji 2012).   

T2 Entrance square of G40 

at the Gold Coast campus 

of Griffith University, in 

a specific garden 

Ficus The physical and biological properties of T2 are the 

same as T1.  

T3 Opposite the campus 

library at Griffith 

University 

Bischofia 

polycarpa 

(Levl.) Airy 

Shaw 

Grow in a temperate climate. They prefer sunlight 

and are not resistant to cold. Grow well on rich and 

humid soils (Aihuhua, 2013a).  

T4 Outside the car park of 

G52 at the Gold Coast 

campus of Griffith 

University 

Ficus 

benjamina L. 

The physical and biological properties of T2 are 

similar to T1 

T5 Roadside lawn of 

Edmund Rice Doctor 

(student 

accommodation) shading 

car park  

Pinus 

bungeana 

Zucc. (young) 

Tall arbour (30 m) with maximum trunk width of 3 

m. Tolerate drought and cold. They are resistant to

toxic gas (i.e., SO2) and usually grow in high altitude 

areas (500 – 1000 m) (Jia, 2015). 

T6 The same as T5 Pinus 

bungeana 

Zucc. (young) 

The same as T5. 
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T7 The same as T5 Erythrina 

crista-galli 

Linn 

Small deciduous arbour (less than 10 m). Originally 

grown in South America. They prefer sunlight but 

are tolerant to shade (Aihuhua, 2013b).   

T8 Outdoor lawn of G50 at 

the Gold Coast campus 

of Griffith University  

Eucalyptus Prefer high temperatures and dry areas and are not 

resistant to cold. Evergreen arbour with height of 

100 m. Has many subspecies (hm160, 2014).  

T9 Along the footpath of 

Innovation Doctor for 

the purpose of providing 

shade to pedestrians 

Magnolia 
grandiflora L. 

Evergreen arbour (30 m in height). Originated from 

southeast of North America. Prefers a temperate 

climate (Yanquecao, 2021).   

T10 Along the footpath of 

Hospital Blvd 

Cinnamomum 

camphora 

Prefers sunlight and slightly tolerant of shade. Soil 

moisture needs to be strictly controlled. Not resistant 

to flood or drought (Douding, 2011).  

T11 Standing open grassland 

outside the hospital  

Terminalia 

neotaliala 

Capuron 

Originally grows in Asian tropical regions such as 

Malaysia and Philippine. Reaches 5 m in height. 

Prefers good drainage and rich sunlight 

(Huanqiuhuamu, 2018). 

T12 The same as T11 Terminalia 

neotaliala 

Capuron 

The same as T11 

T13 Next to the walkway of 

the hospital exit.  

Osmanthus Prefers warm and rainy climate. Evergreen arbour 

with a maximum height of 15 m. Prefer sunlight but 

can tolerate shade (Zhiwuwang, 2020). 

T14 The location of T14 is 

close to T13  

Cinnamomum 

camphora 

The same as T10. 

T15 Roadside of the hospital 

car park 

Magnolia 

grandiflora L. 

The same as T9. 

T16 The same as T15 Magnolia 

grandiflora L. 

The same as T9. 
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Species variation might lead to different thermal performances. Physical distinctions can also be caused 

by species, which results in various thermal environments. In this part, the physical features of the 

selected sample trees of different species were considered. Meteorological data of every sample tree 

was measured for at least one full sunny day. Various types of weather data were collected, including 

air temperature, air velocity, relative humidity, and globe temperature. Most trees were measured on 

different days, and weather changes cannot be ignored. Air temperature from Griffith Station (Fig. 3.4) 

was used to indicate the weather during the sampling period.  

Fig. 3.4. A map of the Gold Coast Health and Knowledge Precinct (GCHKP) and the reference 

weather station. 

Image removed
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Fig. 3.5. Location of sample trees and their surrounding environments. 

3.3.2 Field measurement 

The Testo 480 instrument was placed within 1.5 m of the trunk of each tree. To ensure that the 

instrument was in the shade, it was moved slightly during periodic changes in the direction of shade. 

Specifically, the instrument was placed in the west in the morning and the east in the afternoon (Fig. 

3.6). Measurement days were strictly planned by weather forecast for ensuring similar weather 

conditions (sunny). 

Image removed
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Fig. 3.6. Location of the sampling two points at different times of the day. 

3.3.3 Parameters indicating the physical characteristics of trees 

Previous studies have proposed various parameters for use in tree investigations, including canopy sizes 

(Konarska et al., 2016) and leaf density (Trimble, 2021). Crown size evaluates tree canopying extension, 

while leaf density determines the solidness of the canopy. These parameters promote cooling, as shown 

by many studies (Guo et al., 2020). Nevertheless, most of these parameters only partially measure the 

physical characteristics of trees. It is difficult to evaluate the thermal performance of trees 

comprehensively using these simple parameters. This study therefore proposes new parameters that can 

be used to investigate trees more completely. New proposed parameters of gross canopy index (GCI), 

crown volume index (CVI), and total canopy index (TCI) were developed based on crown size, leaf 

density, and trunk height. Each new parameter contains several simple parameters. The equations for 

each index are described below: 

Definitions of the parameters used to investigate individual trees 

Several parameters have previously been proposed to investigate the physical characteristics of trees.  

The parameters represent tree size and leaf density/quantity and include crown widths and leaf density 

(LAI). Each parameter was found to be significantly correlated with the cooling effect of trees. 

Nevertheless, it is difficult to fully reflect the cooling effects based on only one factor. Therefore, this 
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study proposes novel complex parameters that incorporate the simple parameters (crown sizes (diameter, 

TCD), trunk height (TTH), leaf layer, and leaf density (LAI)), representing the physical characteristics 

of the tree. These new parameters include gross canopy index (GCI), crown volume index (CVI), leaf 

layer index (LLI), and total canopy index (TCI). Their descriptions are shown in Fig. 3.7. 

Fig. 3.7. Tree parameters: a. crown size (TCD), trunk height (TTH), TCDth, and TH. b. Directions for 

radius measurement. c. Comparison of trees in different TTH. 

The new parameters are expected to be negatively correlated with temperatures. The TCD, LLI, and 

LAI are positively correlated with the cooling effect of trees, while trunk height has a negative effect. 

Hence the new parameters need to be positively correlated with TCD, LLI, and LAI, while negatively 

correlated with TTH. Parameter equations are as follows (Eqs. 3.1 to 3.4): 

GCI =
TCD

TTH
 (3.1) 

CVI = GCI × LAI (3.2) 

LLI = LAI

TVF
 (3.3) 

TCI = TCD × LLI (3.4) 
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The GCI is a simple index representing the crown size and trunk height. It refers to the ratio between 

TCD and TTH. The CVI contains three factors (size, height, and density) and is the multiplication of 

GCI and LAI. It includes parameters commonly used to define the crown volume.  

The LLI is a complex index from WinSCANOPY. It evaluates the vertical quantity of leaves, which is 

the ratio of LAI and tree view factor (TVF) (Yang, 2009). The TVF is similar to SVF, referring to the 

ratio of visible trees in the hemisphere image of any site. Values of TVF were acquired from 

WinSCANOPY with further actions such as colour edition (WinSCANOPY, 2017). The trees presented 

in the images were coloured white, and the remaining area was dark or clear. Following the above 

procedures, the output openness images gave the LAI. The LAI included one more factor than TVF, 

which was the leaf layer. Thus another parameter for LLI was generated, reflecting the ratio of LAI and 

TVF. The LLI is a complex parameter involving a variety of factors. A detailed explanation of the above 

parameters is given in the Appendix. 

The TCI includes both crown size and leaf layers. It represents the extension and density of canopies, 

which evaluates both area and solidness of shade. The TCI can reflect the thermal performance of the 

tree more accurately than other parameters. Correlations between the new proposed parameters and 

original simple ones are illustrated in Fig. 3.8. The four new proposed parameters evaluate the physical 

characteristics of trees from various aspects. They can present cooling effects at different levels. 

Significant correlations between the thermal index and TCI and other parameters can be found and their 

strength compared. 

. 
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Fig. 3.8. Illustrations of the new parameters used to represent the physical characteristics of trees. 

3.3.4 Thermal environment index 

The four newly proposed parameters could affect the thermal effect of trees. This study uses linear 

regression for data analysis, where the thermal environment index is the dependent variable. Many 

thermal indices have been selected for inclusion in this study (air temperature, air velocity, relative 

humidity, PET, UTCI, MRT, and SET). Each has unique features and specific suitable ranges. For a 
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comprehensive evaluation, this chapter selected four indices as dependent variables, including both 

simple and complex ones. 

Air temperature, air velocity, and relative humidity are all simple parameters that are easily measured. 

They can be utilised by climatic studies in macro and micro levels. They can also significantly influence 

people’s thermal perceptions. Their values were acquired from the instrument (Testo 480).   

The MRT is a complex index that includes air temperature, wind, and radiation, which are objective 

environmental indicators that differ from PET. This study attempts to identify environmental factors 

and their thermal effects. Human perceptions, such as thermal responses, were excluded. The MRT was 

selected as the index in Parts 2 and 3 of this study. It was calculated by Equation 3.5:    

MRT = [(< 𝜃𝑔 > +273) 4 +
1.01X108<𝑉> 0.6

𝜀𝐷0.4 (< 𝜃𝑔 > −< 𝜃 >)]  1/4 − 273 (°C), Equation 3.5

Where V, θg, and θ refer to and air velocity (°C), global temperature (°C), and air temperature (m/s), ε 

is emissivity (0.95), and D is the globe thermometer diameter (0.15 m). 

3.4 Temperature distribution under canopies of individual trees 

3.4.1 Research Hypothesis  

Part 3 proposes tree cooling pond effect (TCP) as a new parameter, similar to UHI (Kim, 1992). It 

means the temperature might increase when moving away from the trunk. Part 3 uses the same samples 

as Part 2 (Fig. 3.9). A descriptive explanation of sample information is shown in Figs. 3.10 and 3.11. 

The characteristics of sample trees are listed in Table 3.5.  
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Table 3.5. All tree information for Part 3. 

Number Location and site 

characteristics 

Species Physical and biological properties 

Tree 1 The connection of 

Hospital Blvd and 

Innovation Doctor  

Ficus The same as T1 in Table 3.4. 

Tree 2 The same as T9 in Table 

3.4 

Magnolia 

grandiflora L. 

The same as T9 in Table 3.4. 

Tree 3 The same as T10 in Table 

3.4 

Cinnamomum 

camphora 

The same as T10 in Table 3.4. 

Tree 4 The same as T11 in Table 

3.4 

Terminalia 

neotaliala 

Capuron 

The same as T11 in Table 3.4. 

Tree 5 The same as T12 in Table 

3.4 

Terminalia 

neotaliala 

Capuron 

The same as T12 in Table 3.4. 

Tree 6 The same as T13 in Table 

3.4 

Osmanthus The same as T13 in Table 3.4. 

Tree 7 The same as T14 in Table 

3.4 

Cinnamomum 

camphora 

The same as T14 in Table 3.4. 

Tree 8 The same as T15 in Table 

3.4 

Magnolia 

grandiflora L. 

The same as T15 in Table 3.4. 

Tree 9 The same as T16 in Table 

3.4 

Magnolia 
grandiflora L. 

The same as T16 in Table 3.4. 

Tree 10 Outdoor open space of 

the hospital 

Alstonia 

scholaris 

Large arbour with a height of 20 m and trunk width 

of 0.6 m. Prefers humid air but is tolerante of  strong 

light and shade. Usually used for street shading and 

landscaping (Qisheng design vocational college, 

2019). 
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Tree 11 The same as T3 in Table 

3.4 

Bischofia 

polycarpa 

(Levl.) Airy 

Shaw 

The same as T3 in Table 3.4. 

Tree 12 The same as T2 in Table 

3.4 

Ficus The same as T2 in Table 3.4. 

Tree 13 The same as T4 in Table 

3.4 

Ficus 

benjamina L. 

The same as T4 in Table 3.4. 

Tree 14 The same as T5 in Table 

3.4 

Pinus 

bungeana 

Zucc. (young) 

The same as T5 in Table 3.4. 

Tree 15 The same as T6 in Table Pinus 

bungeana 

Zucc. (young) 

The same as T6 in Table 3.4. 

Tree 16 The same as T7 in Table Erythrina 

crista-galli 

Linn 

The same as T7 in Table 3.4. 
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Fig. 3.9. Location of all sample trees and their surrounding environments. 

Image removed
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Fig. 3.10. Comparison between the urban heat island effect UHI (Cool Parramatta, 2018) and the tree 

cooling effect (TCP) for air temperature and mean radiant temperature (MRT) 

Image removed
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Fig. 3.11. Hypothesised temperature changes of points in canopied spaces. 

Four sets of Testo 480 instruments were used in this study. The four Testo 480 were displayed in lines 

(A, B, C & D) to align with shade direction under the crown (Fig. 3.12). Point A was closest to the 

trunk, while point C was at the shade margin. Point B was midway between A and C, and point D was 

under the sun, 1 m away from C. As the sun moved, the position of the four instruments gradually 

changed. This ensured that the points maintained scaled distances from each other relative to the 

physical characteristics of the tree and its crown size (diameter, TCD), tree height (H), and sunlight 

angle (θ) (Fig. 3.12). The distance between point A and each of the other points were defined as DAB, 

DAC, and DAD, and were calculated using the following equations: 

DAC =
TCD

2
+ H × tanθ (3.6)

DAB =
TCD

4
+

H×tanθ

2
= 1

2
 × DAC (3.7) 



DAD =
TCD

2
+ H × tanθ + 1 = DAC + 1 (3.8)

Fig. 3.12. Location of the four instruments and their influential elements. 

3.5 Data analyses 

This study used three types of data analyses: analysis of variance (ANOVA), multiple linear regression 

(MLR), and Pearson’s correlation. 

ANOVA is a combined statistical model used to identify significant differences between group means. 

In this study, park thermal environment data was analysed using an ANOVA (Part 1) to identify any 

relationships with physical factors as a primary step. 

MLR is a method of data analysis with a prediction function. It identifies relationships between one 

continuous dependent variable and one or more independent variables (Statistics Solutions, 2018). The 

results are expressed as R2 and p-values. A p-value less than 0.05 suggests that the two variables have 

a statistically significant correlation. To study the cooling intensity of urban parks, an MLR was used. 

In Part 1 of this study, PCI was defined as the dependent variable, while PTC and DFS were defined as 

70 
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independent variables. Temperatures fluctuated during the measurement period (9:00 to 20:00), which 

may have led to variability in the PCI. Yan et al. (2018b) found that the cooling effect of vegetation 

was more significant at midnight. Therefore, the time of the day (TOTD) was included in the analyses 

(Means, 2019b) for this study. The data collected was imported into SPSS 26 for analysis. In order to 

identify the influence of each factor of interest, all independent variables were imported into the model 

in a stepwise manner. The R2 change and p-value caused by the addition of each variable were calculated 

to determine statistical significance.     

The MLR method was also used in Part 2 of this study to investigate the relationship between tree crown 

characteristics and the thermal index MLR. A p-value less than 0.05 indicates statistical significance. 

As the data collected from the 16 trees covered different periods, the mean values of all indices (mean 

air temperature, MAT; mean air velocity, MAV; mean relative humidity, MRH; and mean MRT, 

MMRT) were used in the regression analysis. Before establishing the multiple regression models, the 

Pearson correlation coefficients between the potential independent variables were tested to prevent 

multicollinearity. Stepwise regression was adopted to establish models for predicting all indices. In the 

default models of MMRT and MAT, the air temperature from the station (SAT) was the only predictor. 

Tree crown indicators were then added to the default model one at a time. If the new model yielded a 

higher R2 value and achieved statistical significance, the added independent variable was kept in the 

model; otherwise, it was excluded from the model. The tree crown indicators were standardised to range 

from 0 to 1 before they were used in the statistical models. For instance, the maximum value for CVI, 

24, was modelled as 1, and the other ‘n’ CVI values were modelled as ‘n/24’. All statistical analyses 

were carried out in SPSS 26. For a comprehensive investigation, these variables were all used for 

multiple modelling.  

The tree cooling pond intensity (TCPI) was determined to evaluate the tree cooling pond effect, which 

refers to the temperature difference indicated by MRT under individual tree canopies between Point A 

and points B, C, and D (Fig. 3.12. TPCIAB, TPCIAC, and TPCIAD). They were ∆MRT B, ∆MRT C, and 

∆MRT D. The ∆MRT B = MRTB − MRTA, and the same for the rest. To test if TCPI was correlated 

with other environmental parameters, such as tree crown diameter, leaf area index, openness (SVF), 
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and albedo, Pearson’s correlations were used. Pearson’s model was used to identify significant 

independent variables (p<0.05) that can predict TCPI. These significant predictors were further 

associated with TCPI (∆MRT at each point) in multiple linear regression models.  

Pearson’s correlation is a simple method measuring the significances and directions between linearly 

correlated continuous variables in pairs (Kent State University, 2021), the relationships were expressed 

by the correlation coefficient, r, and the p-value for significance. This study used Pearson’s correlation 

coefficient for preliminary testing.  
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4. The cooling effect of urban parks and their influencing factors

4.1 Data description 

Figs. 4.1 to 4.3 compare daily air temperature fluctuations at each park with the reference station 

(ordered alphabetically by park name). They generally show a declining trend over time with irregular 

waves. Park temperatures (PTs) fluctuated more than the reference station. The PTs were generally 

higher than the station, e.g., Arthur, Crocker, and Doug Parks. Nevertheless, the PTs declined more 

sharply than the reference, gradually being surpassed by the station late in the sampling period. This 

phenomenon took place most prominently in Cavil, Harry, and Ward parks. They became cooler about 

14:00 to 16:00.     

Fig. 4.1. Daily air temperature fluctuation comparisons between parks and the Griffith reference 

station (I). 
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Fig. 4.2. Daily air temperature fluctuation comparison between parks and the Griffith reference station 

(II). 
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Fig. 4.3. Daily air temperature fluctuation comparison between parks and the Griffith reference station 

(III). 

The PTs were then compared with the reference station as an average across sites (Fig. 4.4). They both 

presented decreasing trends after peaking at 13:00 (parks: 32.08 °C, reference: 30.31 °C). However, 

park temperatures decreased faster, falling from approximately 29 °C at 10:00 to 23.5 °C at 20:00. In 

contrast, the station decreased from 27.8 °C to 23.6 °C during the same period. As a result, parks were 

warmer during the day and cooler after sunset (17:00).    
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Fig. 4.4. Daily air temperature fluctuation comparison between the park and reference station 

temperatures, averaged across all sites. 

The average cooling intensity of all parks is shown in Fig. 4.5. The PCI generally declined from 1.5 °C 

at 10:00 to -0.1 °C at 20:00. That is, parks got increasingly cooler over time. The coolest point was -

0.53 °C at 6:00 p.m.  

Fig. 4.5. Full-day cooling intensity of parks (PCI) changes towards time. 
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4.2 Analysis of variance 

4.2.1 Effect of each factor on park cooling intensity throughout the day 

The average daily PCI for each park were input into SPSS for ANOVA with their physical factors. It 

can be seen from Table 4.1, that PTC did not significantly affect daily average PCI significantly 

(p>0.05). The DFS was found to have a significant effect (p<0.05). To find their exact correlations, they 

were further analysed based on different periods of the day. 
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Table 4.1. ANOVA for the effect of park tree coverage (PTC) and distance from the sea (DFS) on the 

daily average of park cooling intensity (PCI). 

Sum of 

square 

Degree of 

freedom 

Mean 

square F P-value

Daily average PCI results 

from PTC 

Between group 2.642 2 1.321 2.121 0.154 

Within group 9.342 15 0.623 

Total 11.983 17 

Daily average PCI results 

from DFS 

Between group 4.464 2 2.232 4.453 0.030 

Within group 7.519 15 .501 

Total 11.983 17 

4.2.2 Effects of park physical characteristics at different times of the day 

The homogeneity test of variance (HTV) found that the p-values of PTC’s effect on PCI in the morning 

(0.496), afternoon (0.370), and evening (0.681) are all higher than 0.05. Therefore, they were suitable 

for ANOVA. The PCI values at different time periods were input into SPSS for ANOVA with PTC. 

The outputs are shown in Table 4.2. It can be seen from Table 4.2 that the p-value is 0.863, 0.129, and 

0.050 for the morning, afternoon, and evening, respectively. Only the evening p-value was less than 

0.05. That is to say, PTC significantly affects PCI in the evening.  
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Table 4.2. ANOVA of park tree coverage (PTC) effect on park cooling intensity (PCI) at different 

times of the day. 

Sum of 

square 

Degree of 

freedom 

Mean 

square F P-value

Morning PCI Between Group 0.322 2 0.161 0.149 0.863 

Within Group 16.267 15 1.084 

Total 16.589 17 

Afternoon PCI Between Group 5.471 2 2.735 2.351 0.129 

Within Group 17.457 15 1.164 

Total 22.928 17 

Evening PCI Between Group 4.252 2 2.126 3.499 0.050 

Within Group 9.114 15 0.608 

Total 13.366 17 

An HTV also found that the p-values for the effect of DFS on PCI in the morning (0.479), afternoon 

(0.251), and evening (0.077) were greater than 0.05, making the data suitable for ANOVA. Data of PCI 

values at different time periods were input into SPSS for ANOVA with DFS. The output is shown in 

Table 4.3. It can be seen that only the morning, the p-value was less than 0.05. That is to say, DFS 

significantly affects PCI in the morning.  
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Table 4.3. ANOVA of the distance from the sea (DFS) effect on park cooling intensity (PCI) at 

different times of the day. 

Sum of 

square 

Degree of 

freedom 

Mean 

square F P-value

Morning PCI Between Group 7.635 2 3.818 6.396 0.010 

Within Group 8.954 15 0.597 

Total 16.589 17 

Afternoon PCI Between Group 5.007 2 2.504 2.096 0.158 

Within Group 17.921 15 1.195 

Total 22.928 17 

Evening PCI Between Group 2.163 2 1.081 1.448 0.266 

Within Group 11.203 15 0.747 

Total 13.366 17 

4.3 Multiple Linear Regression 

ANOVA results show that the effect of physical factors on PCI varied throughout the day. It was 

hypothesised that their effects might vary for hours. To investigate this further, MLR models that 

included time were established. The MLR models (Table 4.4) were established to find the factors that 

significantly affected the thermal properties of parks. Data was modelled using a stepwise progression 

to determine the contribution of each variable. The PTC was negatively correlated with PCI (R2 

change=0.039, p<0.05), while DFS was positively correlated with PCI (R2 change=0.086, p<0.05). 

Parks with denser trees and/or located closer to the sea were cooler. Their cooling effects also varied 

with time as it resulted in a high R2 change value (0.108, p<0.05). 
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Table 4.4. Regression results for park cooling intensity (PCI). 

Model 

Variable 

Coefficients β 

Variable 

p-values

ANOVA 

p-values R2 R2 change 

Sig. F Change 

Step 1 (Constant) 2.970 0.000 0.000 0.108 
0.108 

0.000 

Time -0.171 0.000 

Step 2 (Constant) 3.330 0.000 0.000 0.147 

0.039 

0.000 

Time -0.166 0.000 

PTC -1.036 0.008 

Step 3 (Constant) 2.939 0.000 0.000 0.233 

0.086 

0.000 

Time -0.161 0.000 

PTC -0.990 0.008 

DFS 0.109 0.000 

The physical factors were associated with PCI values for further analyses. Table 4.5 shows the 

relationships between PCI and the two influential factors, as well as the strength of this relationship. It 

reveals that R2 varies considerably over time. The strongest effect of DFS occurred between 12:00 and 

14:00, which is also the warmest period of the day (Fig. 4.1). The effects of PTC were insignificant 

during this timespan. The R2 of PTC generally increased with time. The DFS was best represented by 

a parabola that peaked at noon. Sea cooling might be more significant in warmer weather as noon is 

relatively warm.     
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Table 4.5. Effects of physical factors on park cooling intensity (PCI) at different times. 

Time Relationship between PCI and PTC Relationship between PCI and DFS 

10:00 y = -0.5517x + 1.6732, R² = 0.0059 y = 0.0553x + 1.3198, R² = 0.0277 

11:00 y = -1.1965x + 1.1762, R² = 0.0742 y = 0.1285x + 0.3037, R² = 0.1703 

12:00 y = -0.0016x + 0.7893, R² = 0.8X10-7 y = 0.2684x + 0.0184, R² = 0.4327 

13:00 y = -1.189x + 1.4417, R² = 0.0372 y = 0.2232x + 0.3006, R² = 0.261 

14:00 y = -0.7015x + 1.0231, R² = 0.0244 y = 0.1478x + 0.3036, R² = 0.2158 

15:00 y = -2.7235x + 1.9276, R² = 0.1937 y = 0.1146x + 0.452, R² = 0.0682 

16:00 y = -2.2357x + 1.4581, R² = 0.1899 y = 0.0949x + 0.2018, R² = 0.0721 

17:00 y = -0.8026x + 0.133, R² = 0.062 y = 0.0266x - 0.2812, R² = 0.0136 

4.4 Discussion 

Green spaces and water bodies have pronounced cooling effects on urban environments. This 

phenomenon has been broadly studied by many researchers, including Oke (1988), Chen and Wong 

(2006), and Chang et al. (2007). Their effect on cooling varies with size, coverage, distance etc. Part 1 

investigated the cooling intensity of parks distributed around the city and the factors that affect them. 

The results indicate that the influence of trees was more significant in the evening, but the sea had a 

stronger effect at noon. In the morning, the tree cooling intensity was minimal, with smaller temperature 

differences and a high significance value. After noon, tree cooling became increasingly significant. An 

increase in coverage of 0.1 could reduce air temperature by more than 0.7 °C at 16:00 (R2 = 0.1899). 

On the contrary, the sea cooling intensity at noon was more than 1.5 °C (R2 = 0.4327 at noon) but had 

no effect in the evening (R2 = 0.0136). 

The PTC was generally negatively correlated with PCI. This result is consistent with findings by Doick 

et al. (2014), Bowler et al. (2010), Hathway and Sharples (2012), and Kong et al. (2014). Trees can 

reduce environmental temperatures through evapotranspiration and shading. This study has shown that 

PCI declines as the PTC increases, confirming that trees have a considerable cooling effect. Sun (2011) 

had shown a negative correlation between vegetation coverage and street temperature. Similar results 
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were discovered by Weng et al. (2004), Chen et al. (2006), Buyantuyev and Wu (2010), Zhou et al. 

(2011), etc.  

Meanwhile, these effects varied at different periods throughout the day. The cooling effect during the 

evening was more significant than in the morning. A similar result was also found by Jauregui (1991), 

Yokobori and Ohta (2009), Sun et al. (2009), and Yan et al. (2018a) and suggests that trees have other 

properties of cooling beyond evapotranspiration. These properties are even stronger than 

evapotranspiration and shading. 

In addition, park cooling intensity was also affected by its external environment. Distance from the sea 

was also significantly correlated with PCI, and its effect varied with time, a factor rarely investigated. 

A park closer to the sea (with a lower DFS value) was cooler than the farther ones and this is likely 

caused by the physical properties of the water body. The method by which the sea and its contacted 

coastal areas become cool, is a process that has been explained through physics (Monster, 2007a). 

During the daytime, the land warms up more quickly than the sea water, warming the air above the land 

surface. Warm air from the land rises and moves out to the sea, which creates a circular current and 

results in land cooling. 

In contrast, an opposite process occurs at night because land cools faster than the sea. As a result, sea 

breezes blow from the sea during the day, but the breeze blows from land to the sea at night. With the 

continuous air exchange at various temperatures, coastal land temperatures are considerably affected 

by the sea. The sea breeze is also an example of convection. It is significant at noon but has little 

influence in the evening. This results from the natural properties of sea breeze. The sea breeze cools 

down the land surface during the day through air exchange. An opposite process occurs after sun fall; 

hence the sea does not show significant cooling in the evening. This may explain the insignificant 

cooling effect from the sea in the evening. This phenomenon has also been found by Theeuwes et al. 

(2013), Yu et al. (2015), and Du (2016). Their studies show that the cooling effect of a water body 

mostly occurs during the day, especially in the warm periods. This was also proven by Hathway and 

Sharples (2012). 
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Trees showed poor cooling effects during the day. This conflicted with the expectation of shade cooling. 

This phenomenon resulted from the reference station. It was located in a fixed place with a constant 

DFS. Daytime tree cooling might be mitigated by sea cooling. The PTC increased significantly with 

time as the sea effect weakened. If the PCI was calculated at a nearby site outside the park, the PTC 

might have shown a significant correlation during the day. Nevertheless, this hypothesis is not discussed 

in this part, which is a limitation that could be addressed in future studies.  



85 

5. Study of tree crown characteristics and their cooling effects

5.1 Data description 

Figs. 5.1 to 5.3 illustrate the fluctuations in the thermal environments of all measured trees. All trees 

were associated with considerably different air temperature ranges. Of the trees, T8 was the warmest in 

both the morning and the afternoon. This was evident from the air temperature (33 °C) and the globe 

temperature (39 °C). Trees T5, T6, and T11 were relatively warm, mostly above 30 °C with air and 

globe temperatures in both the two different areas. In contrast, T4, T2, and T7 in the knowledge area 

and T10, T13, and T14 in the health area were cooler. Although these trees were cooler, their air 

temperatures were still above 26 °C, and the globe temperatures were above 30 °C because 

measurements were taken on hot days with strong solar radiation. Variation of their temperatures might 

result from their physical difference. T8, for instance, was relatively warm; this might be because of its 

small crown size, causing a narrow canopying extension. 

Fig. 5.1. Box-whisker plots of the air temperature for all measured trees. 
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Fig. 5.2. Box-whisker plots of the globe temperature for all measured trees. 

The air velocity varied significantly over a day, and there was no observable pattern of variation in 

either the morning or afternoon. Among all the measured time points, T1 experienced the strongest 

wind (approximately 7 m/s).  

Fig. 5.3. Box-whisker plots of the air velocity for all measured trees. 

Fig 5.4 illustrates the distributions of relative humidity (%) of all trees. They were distributed irregularly, 

and the morning showed varied features compared to afternoon. T1 and T8 were less humid in both 

morning and afternoon. This might have resulted because of their canopy levels. However, others were 



87 

less common in the morning and afternoon. T7 was humid in the morning yet it reduced slightly to the 

afternoon.   

Fig. 5.4. Box-whisker plots of the relative humidity for all measured trees. 

The MRT was calculated from the three weather variables mentioned above and served as the dependent 

variable in the model. Fig. 5.5 illustrates the MRT for all trees, showing significant variations. Similar 

to air temperature and globe temperature, the MRT at T8 was the highest, reaching 70 °C, followed by 

T5 and T6, for which warm temperatures were recorded in the knowledge area. In the health area, T16 

had the warmest measured time point. T4 and T7 were the coolest trees in the knowledge area, whereas 

T14 was the coolest in the health area. These results are assumed to be associated with the crown 

characteristics, which are further explored statistically and discussed in the following sections. 
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Fig. 5.5. Box-whisker plots of the mean radiant temperature (MRT) for all measured trees. 

5.2 Correlation between the crown indicators 

Since the four new indicators (GCI, LLI, CVI, and TCI) were developed based on the original ones 

(SVF, LAI etc.) correlations between them were investigated. Table 5.1 lists the Pearson correlation 

coefficients of these factors. It can be seen that some were significantly correlated, especially TCI with 

CVI and LLI with LAI, as shown by their high correlation coefficients. This could be due to the 

significant correlation between SVF and LAI. In the subsequent model building process, indicators with 

correlation coefficients above 0.8 were removed.  
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Table 5.1. Internal correlation among all indicators. 

SVF LAI GCI LLI CVI TCI 

SVF Pearson Correlation 1 -0.865** -0.559** -0.687** -0.859** -0.809**

Sig. (2-tailed)  0.000 0.001 0.000 0.000 0.000

LAI Pearson Correlation -0.865** 1 0.262 0.947** 0.785** 0.739**

Sig. (2-tailed) 0.000 0.148 0.000 0.000 0.000

GCI Pearson Correlation -0.559** 0.262 1 0.045 0.723** 0.774**

Sig. (2-tailed) 0.001 0.148 0.808 0.000 0.000

LLI Pearson Correlation -0.687** 0.947** 0.045 1 0.611** 0.578**

Sig. (2-tailed) 0.000 0.000 0.808 0.000 0.001

CVI Pearson Correlation -0.859** 0.785** 0.723** 0.611** 1 0.987**

Sig. (2-tailed) 0.000 0.000 0.000 0.000 0.000

TCI Pearson Correlation -0.809** 0.739** 0.774** 0.578** 0.987** 1 

Sig. (2-tailed) 0.000 0.000 0.000 0.001 0.000 

**. Correlation is significant at the 0.01 level (2-tailed). 

5.3 Multiple regression analysis 

For a more accurate evaluation, the contribution of tree crown characteristics to the thermal environment, 

independent of weather impacts, were investigated. Multiple linear regressions were adopted with tree 

crown indicators as the default predictor, and each tree crown indicator was added into the model one 

at a time. In the models of MAT and MMRT, station air temperature (SAT) was added initially. If the 

new variable improved the fit of the model (evidenced by the significant increase in R2 value) and the 

tree crown indicator was a significant predictor of the thermal index, the indicator was kept in the model. 

The GCI, LLI, CVI and TCI, were separately modelled, yielding the following four models towards 

each index. There were four meteorological parameters available as dependent variables. Each of them 

was associated with various tree crown indicators.  
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5.3.1 Air temperature  

There were four models established for MAT towards the four indicators. They were defined as Models 

1.1 to 1.4: 

Model 1.1: MAT = Constant + β1×SAT + β2×GCI + β3×LAI 

Model 1.2: MAT = Constant + β1×SAT + β2×LLI + β3× SVF 

Model 1.3: MAT = Constant + β1×SAT + β2×CVI 

Model 1.4: MAT = Constant + β1×SAT + β2×TCI + β3×LAI 

The MAT models were divided into several steps to find every parameter's detailed thermal effect. 

Model 1.1 found the effect of GCI on MAT (Table 5.2). SAT was added in the initial step, followed by 

GCI. Finally, LAI was added. SAT expressed significance on affecting the thermal environment around 

trees (R2 Change = 0.467, Sig. F. Change = 0.000). Further, GCI can predict the MAT significantly, 

causing an R2 change of 0.116 (p<0.01). LAI also showed an important thermal impact; adding it caused 

an R2 change of 0.165, Sig. F Change = 0.000. The increase of GCI by 0.1 could help reduce MAT by 

around 0.45°C (p<0.05). 
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Table 5.2. Regression results for Model 1.1 (GCI on MAT). 

Model 
1.1 

Variable 
Coefficient β 

Variable p-
values 

ANOVA p-
values 

R2 R2 Change 
Sig. F 

Change 
Step 1 (Constant) 10.621 0.006 0.000 0.467 0.467 0.000 

SAT 0.579 0.000 
Step 2 (Constant) 18.997 0.000 0.000 0.583 0.116 0.008 

SAT 0.384 0.004 
GCI -4.890 0.008 

Step 3 (Constant) 23.770 0.000 0.000 0.748 0.165 0.000 
SAT 0.287 0.008 
GCI -4.305 0.004 
LAI -0.844 0.000 

Model 1.2 shows the cooling effect of LLI indicated by MAT (Table 5.3). Following the SAT, LLI 

caused R2 change of 0.120 (Sig. F = 0.007), even higher than SVF (R2 change = 0.119, Sig. F Change 

= 0.002). Increasing LLI by 0.1 caused very little MAT decrease (p>0.05). 
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Table 5.3. Regression results for Model 1.2 (LLI for MAT). 

Model 1.2 

Variable 
Coefficient β 

Variable p-
values 

ANOVA p-
values R2 R2 Change 

Sig. F 
Change 

Step 1 (Constant) 10.621 0.006 0.000 0.467 0.467 0.000 
SAT 0.579 0.000 

Step 2 (Constant) 15.349 0.000 
0.000 

0.587 0.120 0.007 
SAT 0.508 0.000 
LLI -0.706 0.007 

Step 3 (Constant) 14.711 0.000 

0.000 

0.706 0.119 0.002 

SAT 0.378 0.001 
LLI -0.074 0.793 

SVF 6.575 0.002 

Tables 5.4 and 5.5 present the impacts of CVI and TCI on MAT. As a complex parameter, CVI had 

more significant correlation than GCI and LLI. It resulted in R2 change by 0.276, Sig. F change of 0.000. 

A similar phenomenon was also witnessed in TCI model. Adding TCI into the model caused R2 Change 

by 0.244, Sig. F change = 0.000. They were both negatively correlated with MAT. The increment of 

either of them by 0.1 reduced MAT by 0.56 °C and 0.48 °C respectively. 
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Table 5.4. Regression results for Model 1.3 (CVI for MAT). 

Model 1.3 
Variable 

 Coefficients β 
Variable p-

values 
ANOVA p-

values R2 R2 Change 

Sig. F 
Change 

Step 1 (Constant) 10.621 0.006 0.000 0.467 0.467 0.000 
SAT 0.579 0.000 

Step 2 (Constant) 21.878 0.000 
0.000 

0.742 0.276 0.000 

SAT 0.296 0.004 
CVI -5.629 0.000 
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Table 5.5. Regression results for Model 1.4 (TCI for MAT). 

Model 1.4 
Variable 
 Coefficients β 

Variable p-
values 

ANOVA p-
values R2 R2 Change 

Sig. F 
Change 

Step 1 (Constant) 10.621 0.006 0.000 0.467 0.467 0.000 
SAT 0.579 0.000 

Step 2 (Constant) 23.033 0.000 
0.000 

0.711 0.244 0.000 
SAT 0.277 0.013 
TCI -6.410 0.000 

Step 3 (Constant) 22.370 0.000 

0.000 

0.726 0.015 0.226 

SAT 0.302 0.008 
TCI -4.789 0.014 

LAI -0.362 0.226 

Generally, all tree parameters had significant effects on AT at their canopied sites, Sig. Change < 0.05. 

Complex parameters, CVI and TCI, were more significant than simple ones. This can be explained by 

higher R2 changes they caused. 

5.3.2 Air velocity and relative humidity 

Air velocity can affect thermal perception to a large extent. Trees can reduce the wind speed for their 

physical blockage. Daily mean MAV was associated with tree indicators (Models 2.1 to 2.4, Tables 5.6 

to 5.9).  

Model 2.1: MAV = Constant + β1×GCI + β2×LAI 

Model 2.2: MAV = Constant + β1×LLI + β2× SVF 

Model 2.3: MAV = Constant + β1×CVI 

Model 2.4: MAV = Constant + β1×TCI + β2×LAI 

The three indicators presented very limited effects on wind (Table 5.6). Adding any of them into the 

model resulted in very low R2 (less than 0.1). The P-values were 0.558 (GCI), 0.294 (LLI), 0.411 (CVI), 

and 0.881 (TCI), all above 0.05. That is to say, individual trees showed insignificant effects on wind in 

this study.  
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Table 5.6. Regression results for Model 2.1 (GCI for MAV). 

Model 2.1 
Variable 
 Coefficients β 

Variable p-
values 

ANOVA p-
values R2 R2 Change 

Sig. F 
Change 

Step 1 (Constant) 0.957 0.000 0.779 0.003 0.003 0.779 
GCI -0.105 0.779 

Step 2 (Constant) 0.836 0.000 
0.471 

0.051 0.048 0.236 

GCI -0.225 0.558 

LAI 0.076 0.236 

Table 5.7. Regression results for Model 2.2 (LLI for MAV). 

Model 2.2 

Variable 
 Coefficients 

β 
Variable p-

values 
ANOVA p-

values R2 R2 Change 

Sig. F Change 

Step 1 (Constant) 0.635 0.008 0.198 0.055 0.055 0.198 
LLI 0.079 0.198 

Step 2 (Constant) 0.558 0.248 
0.435 

0.056 0.001 0.854 

LLI 0.090 0.294 
SVF 0.101 0.854 

Table 5.8. Regression results for Model 2.3 (CVI for MAV). 

Model 2.3 
Variable 
 Coefficients β 

Variable p-
values 

ANOVA p-
values R2 R2 Change 

Sig. F 
Change 

Step 1 (Constant) 0.818 0.000 0.411 0.023 0.023 0.411 

CVI 0.233 0.411 

Table 5.9. Regression results for Model 2.4 (TCI for MAV). 

Model 2.4 
Variable 
 Coefficients β 

Variable p-
values 

ANOVA p-
values R2 R2 Change 

Sig. F 
Change 

Step 1 (Constant) 0.811 0.000 0.495 0.016 0.016 0.487 
TCI 0.229 0.487 

Step 2 (Constant) 0.768 0.000 
0.601 

0.040 0.024 0.406 

TCI -0.073 0.881 

LAI 0.076 0.406 

Tables 5.10 to 5.13 list the stepwise models expressing statistical contributions of crown indicators on 

MRH. Compared with MAT, MRH and MAV were less significantly affected by trees. Adding any of 

them into the models caused very little R2 change (0.025 for GCI and LLI, 0.000 for CVI, and 0.004 
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for TCI). The ANOVA p-values were all above 0.05. These are seen from models. Hence, similar with 

MAV, humidity was rarely affected this project’s sample trees.   

Model 3.1: MRH = Constant + β1×GCI + β2×LAI 

Model 3.2: MRH = Constant + β1×LLI + β2× SVF 

Model 3.3: MRH = Constant + β1×CVI 

Model 3.4: MRH = Constant + β1×TCI + β2×LAI 
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Table 5.10. Regression results for Model 3.1 (GCI for MRH). 

Model 3.1 
Variable 
 Coefficients β 

Variable p-
values 

ANOVA p-
values R2 R2 Change 

Sig. F 
Change 

Step 1 (Constant) 51.820 0.000 0.392 0.025 0.025 0.392 
GCI 4.594 0.392 

Step 2 (Constant) 51.415 0.000 
0.672 

0.027 0.003 0.785 

GCI 4.192 0.458 
LAI 0.252 0.785 

Table 5.11. Regression results for Model 3.2 (LLI for MRH). 

Model 3.2 
Variable 
 Coefficients β 

Variable p-
values 

ANOVA p-
values R2 R2 Change 

Sig. F 
Change 

Step 1 (Constant) 51.136 0.000 0.386 0.025 0.025 0.386 
LLI 0.775 0.386 

Step 2 (Constant) 48.700 0.000 
0.637 

0.031 0.005 0.691 
LLI 1.115 0.372 

SVF 3.177 0.691 

Table 5.12. Regression results for Model 3.3 (CVI for MRH). 

Model 3.3 
Variable 
 Coefficients β 

Variable p-
values 

ANOVA p-
values R2 R2 Change 

Sig. F 
Change 

Step 1 (Constant) 53.701 0.000 0.930 0.000 0.000 0.930 
CVI 0.362 0.930 

Table 5.13. Regression results for Model 3.4 (TCI for MRH). 

Model 3.4 
Variable 
 Coefficients β 

Variable p-
values 

ANOVA p-
values R2 R2 Change 

Sig. F 
Change 

Step 1 (Constant) 53.138 0.000 0.733 0.004 0.004 0.733 

TCI 1.628 0.733 
Step 2 (Constant) 52.874 0.000 

0.889 
0.008 0.004 0.730 

TCI -0.210 0.977 
LAI 0.462 0.730 

5.3.3 Mean radiant temperature 

There were four models that were established against MMRT. 

Model 4.1: MMRT = Constant + β1×SAT + β2×GCI + β3×LAI 
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Model 4.2: MMRT = Constant + β1×SAT + β2×LLI + β3× SVF 

Model 4.3: MMRT = Constant + β1×SAT + β2×CVI 

Model 4.4: MMRT = Constant + β1×SAT + β2×TCI + β3×LAI 

Models 4.1 and 4.2 involved simple indicators. They provided basic evaluations of the tree crown 

characteristics, which were used for comparison. Models 4.3 and 4.4 involved sophisticated indicators. 

Comparing the results of Models 4.3 and 4.4 with that of Models 4.1 and 4.2 highlight the thermal 

effects captured by the sophisticated indicators.    

Step 1 of Model 4.1 (Table 5.14) presented the effect of the weather condition (evaluated by station air 

temperature) on the thermal environment (MMRT). The model showed that the air temperature 

significantly predicted MMRT (regression coefficient 0.944, p<0.001). The R2 value was 0.562, 

meaning that air temperature accounted for 56.2% of the variance in MMRT. The GCI, one of the tree 

crown indicators, was added to the model in Step 2, which resulted in an R2 change of 0.136, significant 

at p<0.01. The regression coefficient of GCI (0.783) was highly significant (p<0.01), meaning that GCI 

also had a significant impact on MMRT apart from the air temperature. In Step 3, LAI was added to the 

model, causing a further increase in R2 (0.081), significant at p<0.01, meaning that, apart from the air 

temperature and GCI, LAI also had a significant impact on MMRT. Adding GCI and LAI to the model 

helped explaining the additional 21.7% of the variance in MRT. The final model (Step 3, Table 5.14) 

demonstrated that each 0.1 increment of GCI resulted in an MMRT decrease of 0.73 °C if the air 

temperature and LAI were fixed. 
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Table 5.14. Regression results for Model 4.1 (GCI for MMRT). 

Model 

4.1 

Variable 

Coefficients β 

Variable 

p-values

ANOVA 

p-values R2 

R2 

Change 

Sig. F 

Change 

Step 1 (Constant) 7.945 0.113 0.000 0.562 0.562 0.000 

SAT 0.944 0.000 

Step 2 (Constant) 21.370 0.001 0.000 0.698 0.136 0.001 

SAT 0.631 0.000 

GCI -7.837 0.001 

Step 3 (Constant) 26.346 0.000 0.000 0.779 0.081 0.003 

SAT 0.530 0.001 

GCI -7.227 0.001 

LAI -0.880 0.003 

Model 4.2 (Table 5.15) focused on LLI. The AT was introduced in Step 1, followed by LLI. The SVF 

was used as the final independent variable, as it was not significantly correlated with LLI (Table 5.15). 

The LLI caused an R2 change of 0.048, which was insignificant (p>0.05). That is to say, LLI had little 

thermal effect. Its effect was even less significant than SVF (R2 change of 0.090, significant at p<0.05). 
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Table 5.15. Regression results for Model 4.2 (LLI for MMRT) 

Model 4.2 

Variable 

Coefficients β 

Variable 

p-values

ANOVA p-

values 

R2 R2 

Change 

Sig. F 

Change 

Step 1 (Constant) 7.945 0.113 0.000 0.562 0.562 0.000 

SAT 0.944 0.000 

Step 2 (Constant) 12.396 0.024 0.000 0.611 0.048 0.068 

SAT 0.877 0.000 

LLI -0.664 0.068 

Step 3 (Constant) 11.571 0.019 0.000 0.701 0.090 0.007 

SAT 0.708 0.000 

LLI 0.153 0.718 

SVF 8.516 0.007 

Since SVF and LAI both had significant correlations with CVI, they were exempted from the model 

(Tables 5.16). Therefore, Model 3 only included CVI and air temperature. Step 1 in Model 3 showed 

that air temperature significantly predicted MMRT (regression coefficient 0.944, p<0.001), the same as 

in Model 4.1. The CVI was added in Step 2, which resulted in a change in R2 of 0.176, and was highly 

significant (p<0.01). The regression coefficient of CVI (-6.67) had a high significance (p<0.01), 

indicating that CVI had a significant impact on MMRT, independent of air temperature. Step 2 of Model 

3 showed that increasing CVI by 0.1 caused a decrease in MMRT of 0.67 °C when the air temperature 

was fixed.    
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Table 5.16. Regression results for Model 4.3 (CVI for MMRT). 

Model 

4.3 

Variable 

Coefficients β 

Variable 

p-values

ANOVA 

p-values R2 

R2 

Change 

Sig. F 

Change 

Step 1 (Constant) 7.945 0.113 0.000 0.562 0.562 0.000 

SAT 0.944 0.000 

Step 2 (Constant) 21.289 0.000 0.000 0.738 0.176 0.000 

SAT 0.609 0.000 

CVI -6.672 0.000 

Apart from the originally significant air temperature, adding TCI resulted in an R2 change of 0.187, and 

was highly significant (p<0.01) (Table 5.17). The highly significant regression coefficient of TCI (-

8.326, p<0.01) showed that each 0.1 increase in the TCI caused a 0.83 °C decrease in MMRT if the air 

temperature remained the same. Adding LAI in Step 3 did not result in an improved R2 value and so it 

was removed from the model. 
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Table 5.17. Regression results for Model 4.4 (TCI for MMRT). 

Model 

4.4 

Variable 

Coefficients β 

Variable 

p-values

ANOVA 

p-values R2 R2 Change 

Sig. F 

Change 

Step 1 (Constant) 7.945 0.113 0.000 0.562 0.562 0.000 

SAT 0.944 0.000 

Step 2 (Constant) 24.067 0.000 0.000 0.749 0.187 0.000 

SAT 0.551 0.001 

TCI -8.326 0.000 

Step 3 (Constant) 23.924 0.000 0.000 0.749 0.000 0.853 

SAT 0.557 0.001 

TCI -7.978 0.005 

LAI -0.078 0.853 

The regression models demonstrated that the three new proposed indicators (GCI, CVI, and TCI) had 

significant thermal effects. The indicators that were composed of the additional crown parameters had 

larger impacts on the thermal environment, as indicated by the larger increases in R2. This revealed that 

all tree characteristic variables were correlated with the thermal environment. The sophisticated 

indicators (CVI and TCI) expressed more significant effects than the simple ones (GCI and LLI). The 

TCI was confirmed to be the most influential indicator of the thermal environment, as evidenced by the 

highest R2 increase among the three indicators. These were similar with the results of MAT models. 

5.4 Discussion 

Tree cooling effects on the urban thermal environment has been broadly investigated (Armson et al., 

2012; Lin et al., 2010; Zhao et al., 2017), with the effects varying by tree size, scale, cover, etc. This 

investigation went a step further by exploring some complex components of trees and their cooling 

effects on the outdoor thermal environment.  

The results indicated that a tree with a higher CVI or TCI has a better cooling effect in hot weather. 

Increasing these indicators might reduce MRT by up to 8 °C (Tables 5.16 and 5.17) on a hot summer 
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day. This could be achieved with a larger crown diameter, lower branch position height, and/or a higher 

leaf density (Speak et al., 2020). Specifically, a 10% increase in CVI and TCI can decrease MRT by 

approximately 0.67 °C, and 0.80 °C, respectively, if the other variables are fixed. Their effects were 

more significant than GCI and LLI. The GCI and LLI were not the sole factors affecting canopy degree; 

leaf density was also a key. Denser distribution and/or more layers of canopy leaves generate more 

effective (solid) shade. Hence, the LAI was used to transform GCI by multiplying LAI with CVI, while 

the LLI was used to transform GCI by multiplying LLI with TCI. The results revealed that CVI and 

TCI have significant correlations with the outdoor thermal environment. They had similar effects on air 

temperature. Increasing either of them by 0.1 helped to reduce MAT by 0.56 °C and 0.48 °C respectively. 

Their principles were same as that of MRT. 

Tree cover has been confirmed to be negatively correlated with temperature (Zhang et al., 2019a), 

whereas the crown diameter indicated the degree of cover. Generally, trees with broader crown 

diameters have more extensive canopy ratios. A larger crown diameter means greater cover 

geometrically. Additionally, the distance from the leaves also affects the cooling effect, whereby a 

location closer to the leaves causes a better cooling effect (Yan et al., 2018b). A lower trunk height 

means the crown is closer to the ground, causing a higher cooling intensity. Hence the ratio of TCD to 

TTH (GCI) could represent a significant cooling effect.  

Nevertheless, the crown diameter and trunk height take into account only some aspects (geometry) of 

the many crown parameters, so these can only partially reflect a tree’s thermal effects. On the other 

hand, the crown volume index and total canopy index covered many characteristics, such as leaf density, 

that were found to have a more significant effect on cooling. In this study, CVI, indicating crown 

volume, and TCI, indicating canopy cover and level, had more significant cooling effects than GCI and 

LLI. The GCI considered the horizontal crown size, while LLI only considered the leaf quantity

vertically. They neglected some other crown characteristics (e.g., leaf porosity). Comparably, CVI 

incorporated the crown size, leaf density, and leaf space, representing the crown at a three-dimensional 

scale. Meanwhile, TCI incorporated the crown size and leaf layers, which is also a three-dimensional 

measurement. Therefore, CVI and TCI can indicate a tree’s crown characteristics more 
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comprehensively. The regression analysis also revealed that adding TCI to the model explained an 

additional 18.7 % of the variance in MMRT, independent of the temperature effect, which is higher 

than the result from adding LLI (9%), GCI (13.6%), and CVI (17.6%). 

The cooling effects of the sophisticated indicators (CVI and TCI) were more thermally significant than 

the simple ones (GCI and LLI). This may be due to the difference in their complexity. The CVI and 

TCI contain more parameters than the GCI and LLI and might contain thermally relevant information. 

That is, indicators involving more parameters were more thermally significant. In biology, a larger 

crown (indicated by higher CVI or TCI) bears more leaves, which increases the efficiency of the plant’s 

biological processes, such as photosynthesis (Bard and Fox, 1995) and transpiration (Pruppacher and 

Klett, 2010). Sparse crowns had reduced cooling surfaces due to their lower transpiration efficiency 

(Moser-Reischl et al., 2019). The importance of these biological effects was shown by trees that showed 

less efficient cooling over lawns than over asphalt (Rahman et al., 2019).     

However, tree crown indicators showed insignificant effect on wind and relative humidity, which 

conflict with the results of some tree studies considering transpiration. This might result from local 

geography, the coastal city. Coastal areas experience strong wind and high humidity. This could be seen 

from the map by Salon (2019), expressing humidity level change. Also, wind affects trees more 

effective by trees in groups, and trees obstruct winds by crowns. This project focused on individual 

trees that are standing alone. The measurement was carried out on the ground, when it is hard to 

differentiate their obstruction effects from micro variation of individual tree characteristics. Studies 

exploring effects of trees on wind mostly considered factors relevant to planning, such as orientation, 

arrangement, and enclosure area (Hong and Lin, 2015), rather than on individual. 

This study is not without limitations. Apart from the physical characteristics of trees, other parameters 

that might be thermally effective were ignored, such as species, which does cause variation in tree 

characteristics (e.g., crown shape and biological vitality). Meanwhile, some new indicators were 

proposed, which characteristically varied due to their differences in the calculation method. This 

variation might cause different thermal performances. Due to a focus on physical indicators, there were 

restrictions on the sample selection; hence only 16 trees were selected for the field survey. Therefore, a 



105 

supportive explanation of the sophisticated indicators’ cooling significance difference was ignored. This 

part only measured sunny days; in fact, vegetation had cooling effective in other times when the sun 

was not visible (Yan et al., 2018a). As a project in the field of Architecture and Urban Environment, 

some properties in Biology are also needed to be involved, such as tree species.  These limitations need 

to be addressed in future studies.  

Nevertheless, these limitations might have little effect on the results. Different species of trees vary in 

physical characteristics, but the proposed indicators can represent the species properties to some extent. 

Trees of different species vary in cooling intensity, which could result from canopy density differences 

(Rahman et al., 2018). This study showed that these thermal effects were captured by the various 

indicators of canopy density. This is clearly expressed in Tables 6–9. If the sample sizes are too large, 

the p-values can be very low (even 0.000). This would make it difficult to compare the different indices. 

Meanwhile, heat stress rarely occurred on cloudy or rainy days, however, being unaware of these factors 

caused little negative effect.  
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6 Temperature distribution under canopies of individual trees 

6.1 General data descriptions 

Microclimate differences were measured as ∆MRT. The ∆MRTs of the four data collection points at 

various time periods are illustrated in Fig. 6.1. The ∆MRT of each point was calculated as the difference 

in MRT between point A and any of the other points (point B, C, or D). Therefore, ∆MRT at point A 

was 0. The ∆MRT increased gradually with distance from the trunk and slowly augmented within the 

shade. The ∆MRT between A and B was relatively low, with a maximum of 5 °C throughout the day. 

Point C was warmer than point B with a difference ranging from 0 to 5 °C, while sharp increases were 

observed between points C and D. Point D was warmer than point C by nearly 10 °C. Point D was 

located in the sun, which means the solar radiation caused proportional heat stress. A different situation 

emerged after sunset, as little temperature variations occurred among the four points during the evening 

(nearly 0). Due to these insignificant night temperature differences, full-day mean ∆MRT was found to 

be lower than at any daytime period. In contrast, the TCP was significant during the daytime. A 

hypothesised full-day pond change regarding summer shade positions is illustrated in Fig. 6.2.   
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Fig. 6.1. The difference in mean radiant temperature (∆MRT) ranges at four points for different time 

periods throughout the day. 
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Fig. 6.2. The difference in mean radiant temperature (∆MRT) at different distances from the tree 

throughout the day. 

Average ∆MRTs for each period at the four points are shown in Figs. 6.3 to 6.6. They showed increasing 

trends in terms of the distance from the trunk, although this was not the case with all samples. Some, 

like T10, were even cooler at points B and C. Despite this variability, point D has always been the 

warmest.     
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Fig. 6.3. The average difference in mean radiant temperature (∆MRT) comparison for Trees 1 to 4. 

Fig. 6.4. The average difference in mean radiant temperature (∆MRT) comparison for Trees 5 to 8. 
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Fig. 6.5. The average difference in mean radiant temperature (∆MRT) comparison for Trees 9 to 12. 
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Fig. 6.6. The average difference in mean radiant temperature (∆MRT) comparison for Trees 13 to 16. 

6.2 Pearson correlation 

Further statistical analyses used summer full-day mean value of MRT at each point to calculate ∆MRT 

as variables. Statistically significant correlations between the physical variables and ∆MRTs were 

identified, as shown in Table 6.1. As expected, TCD had a significant relationship with ∆MRT at all 

measured points. In contrast, other variables, such as albedo, were insignificant. The insignificant 

variables were excluded from further steps for the pond’s quantitative shape deduction. 
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Table 6.1. Pearson correlation results among all variables. 

Correlations TCD Albedo SVF LAI ∆MRT B ∆MRT C ∆MRT D 

TCD Pearson Correlation 1 -0.162 -0.304 0.133 0.501* 0.548* 0.823** 

Sig. (2-tailed) 0.549 0.252 0.625 0.048 0.028 0.000 

Albedo Pearson Correlation -0.162 1 -0.345 0.310 -0.431 0.057 -0.013

Sig. (2-tailed) 0.549 0.191 0.243 0.096 0.833 0.963 

SVF Pearson Correlation -0.304 -0.345 1 -0.893** -0.052 -0.273 -0.232

Sig. (2-tailed) 0.252 0.191 0.000 0.849 0.306 0.387 

LAI Pearson Correlation 0.133 0.310 -0.893** 1 0.020 0.045 0.064 

Sig. (2-tailed) 0.625 0.243 0.000 0.942 0.868 0.814 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

6.3 Tree crown size (TCD) shape deduction 

Physical and thermal data of all samples are listed in Table 6.2. Fig. 6.7 shows the association between 

TCD with the ∆MRT of each point. They were all significantly correlated (sig.<0.05). This analysis 

revealed that TCP and ∆MRT are positively correlated. Point D had the most significant ∆MRT, 

demonstrating that temperature variation was more significant with the reference farther from the trunk. 

For further analyses, weighted estimations are listed in Table 6.3. The results were slightly different 

from linear regression due to the variabilities of all points.   
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Table 6.2. Tree crown size (TCD) and the difference in mean radiation temperature (∆MRT) for all 

samples. 

TCD of measured samples (m) ∆MRT B (°C) ∆MRT C (°C) ∆MRT D (°C) 

0.9 -1.75 -1.98 4.94 

1.5 1.26 0.57 8.74 

1.58 0.59 1.77 7.50 

1.68 0.60 1.79 7.57 

1.71 0.64 1.81 7.60 

1.75 1.99 2.22 6.33 

2.16 -0.10 2.41 9.32 

2.2 0.65 1.86 7.87 

2.5 0.72 1.99 8.12 

2.62 1.71 2.11 13.25 

3.2 0.15 2.36 11.12 

4.02 0.92 2.57 8.38 

4.5 0.96 2.54 10.79 

4.56 1.48 3.08 10.92 

5.78 1.62 7.26 15.36 

16.6 2.33 4.28 18.14 
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Fig. 6.7. Correlation between tree crown size (TCD) and the difference in mean radiation temperature 

(∆MRT) for each point (sig. = 0.036, 0.028, and 0.000 for ∆MRT B*, ∆MRT C*, and ∆MRT D**). 
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Table 6.3. Weighted least square analyses for all variables. 

Independent 

variable 

Weight R² Adjusted 

R² 

Coefficients 

Source Power value Unstandardised β 

for TCD 

Constant 

TCD ∆MRTB -2.00 0.746 0.741 0.066 1.221 

∆MRTC 1.50 0.529 0.520 0.202 1.336 

∆MRTD -2.00 0.826 0.823 0.535 9.392 

For exact deduction, virtual scenes were hypothesised based on the linear regression results (Fig. 6.7). 

Ten samples with continuous TCD (2 to 10 m) were used. If the TCD was ‘n’, ∆MRT at each point, it 

could be deduced as 0.1357n+0.3728 (B), 0.2728n+1.3133 (C), and 0.758n+7.0323 (D) (Fig. 13). Hence, 

the four coordinates of the ten samples could be defined as A (0, 0), B (DAB, 0.1357×TCD+0.3728), C 

(DAC, 0.2728 × TCD+1.3133), and D (DAD, 0.758 × TCD + 7.0323 ). Accordingly, the calculated 

∆MRTs are listed in Table 6.4. Through linear regression, pond shape equations were exported, which 

showed the correlation between ∆MRT and DFT, where y refers to ∆MRT while x refers to DFT. 
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Table 6.4. Tree crown size (TCD), the difference in mean radiant temperature (∆MRT), and pond 

shape equations for hypothesised trees. 

TCD (m) ∆MRT B (°C) ∆MRT C (°C) ∆MRT D (°C) Correlation between DFT and ∆MRT 

2 0.6442 1.8589 8.5483 y = 2.2994x2 - 0.371x + 0.0695 

R² = 0.9987 

3 0.7799 2.1317 9.3063 y = 1.9997x2 - 1.3963x + 0.1821 

R² = 0.9904 

4 0.9156 2.4045 10.0643 y = 1.6861x2 - 1.89x + 0.2799 

R² = 0.9752 

5 1.0513 2.6773 10.8223 y = 1.4167x2 - 2.1114x + 0.3593 

R² = 0.9557 

6 1.187 2.9501 11.5803 y = 1.1954x2 - 2.1816x + 0.4213 

R² = 0.9344 

7 1.3227 3.2229 12.3383 y = 1.0161x2 - 2.1668x + 0.4687 

R² = 0.9129 

8 1.4584 3.4957 13.0963 y = 0.871x2 - 2.1057x + 0.5044 

R² = 0.8922 

9 1.5941 3.7685 13.8543 y = 0.7532x2 - 2.021x + 0.531 

R² = 0.873 

10 1.7298 4.0413 14.6123 y = 0.657x2 - 1.9259x + 0.5506 

R² = 0.8554 

A common equation indicating TCP shapes for all trees could be deduced according to equations in 

Table 6.4. The common equation refers to TCP. Parabola equations (y = a*x2 + b*x + c) are defined by 

three coefficients, a, b, and c. Values of coefficients from all equations are listed in Table 6.4. Plotting 

the coefficients towards certain physical variables (TCD) could confirm the equations. Every coefficient 

in Table 6.5 was associated with TCD independently, as shown in Fig. 6.8. All three coefficients were 
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significantly correlated with TCD, and their R2 values were nearly 1, which indicates high reliability. 

The high R2 values in Fig. 6.8 have resulted from the method of processing. The TCD of all nine trees 

were idealised with continuous TCD values, and their ∆MRTs at each point were calculated using 

equations. 
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  Table 6.5. Coefficients from all equations. 

TCD (m) Correlation between DFT and ∆MRT a b c 

2 y = 2.2994x2 - 0.371x + 0.0695 

R² = 0.9987 

2.994 -0.371 0.0695 

3 y = 1.9997x2 - 1.3963x + 0.1821 

R² = 0.9904 

1.9997 -1.3963 0.1821 

4 y = 1.6861x2 - 1.89x + 0.2799 

R² = 0.9752 

1.6861 -1.89 0.2799 

5 y = 1.4167x2 - 2.1114x + 0.3593 

R² = 0.9557 

1.4167 -2.1114 0.3593 

6 y = 1.1954x2 - 2.1816x + 0.4213 

R² = 0.9344 

1.1954 -2.1816 0.4213 

7 y = 1.0161x2 - 2.1668x + 0.4687 

R² = 0.9129 

1.0161 -2.1668 0.4687 

8 y = 0.871x2 - 2.1057x + 0.5044 

R² = 0.8922 

0.871 -2.1057 0.5044 

9 y = 0.7532x2 - 2.021x + 0.531 

R² = 0.873 

0.7532 -2.021 0.531 

10 y = 0.657x2 - 1.9259x + 0.5506 

R² = 0.8554 

0.657 -1.9259 0.5506 
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Fig. 6.8. Correlation between the tree crown size (TCD) and parabola coefficients. 

Equations (6.1) and (6.2) were the output of this analysis and show the correlation between ∆MRT, 

locations, and tree size. The ∆MRT had a polynomial correlation with the tree’s dimensions and DFT. 

∆MRT = (0.0177TCD2 - 0.4177 TCD + 3.0739) × DFT2 +(-0.0119 TCD 3 + 0.2786 TCD 2 - 2.0646 

TCD + 2.6916) × DFT + 0.0003 TCD 3 - 0.0129 TCD 2 + 0.1738 TCD - 0.2304 (6.1) 

DFTmax (DAD) = TCD

2
+ H × tanθ + 1 (6.2)

Where H and θ refer to tree height and sunlight angle, respectively. 

This analysis has quantitatively deduced the common shape of TCP. For a visual representation, the 

shapes of the four daily periods for all sample mean values were illustrated in a 3-D model. Fig. 6.9 

illustrates the full day pond change found in this study where daytime showed a very deep pond 

orientated to the west, south, and east, while the evening showed insignificant pond depth.   
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Fig. 6.9. The difference in mean radiant temperature (∆MRT) at four daily periods in a 3-D space 

(summer). 

Findings of this part are available for planting pattern settings. Gold Coast is a city with a latitude of 

28°. Its largest sunlight angle between 10:00 and 14:00 (daily hottest period) is around 60° in summers. 

For a tree growing in an east-west street with a crown diameter D and height H, its distance to the 

neighbouring tree should be D+H*cot60° (the distance between their growing points). This planting 

pattern can effectively mitigate heat stress. 

6.4 Discussion 

This study has explored the phenomenon of TCP and deduced its footprint. Tree cooling intensities and 

their influencing variables were found. Temperatures varied according to location, and significant 

variation occurred with distance from the trunk. A considerable temperature cliff was witnessed with 

the disappearance of shade. Significant temperature differences emerged during the daytime, while little 

difference was found in the evening.  
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Under a certain crown canopy on sunny days, the temperature increases gradually with horizontal 

distance from the trunk. This phenomenon suggests that shading was the main cause of tree cooling 

(Armson et al., 2012). Accordingly, the highest ∆MRT in this study was observed between points A 

and D, which were the most canopied with the most sun exposure. This finding, together with the 

insignificant evening ∆MRT, further confirm the cooling effect of shading (Lin and Lin, 2010; Zhao et 

al., 2017). The ∆MRT C was higher than ∆MRT B, which means that point C was the warmer of the 

two points. This might have resulted from differences in the openness (SVF), as sites with higher SVF 

appear to be warmer (Zhang et al., 2019b). 

Tree crown size (TCD) had the most significant correlation with TCPI, which is similar to UHI and 

UHIFP. Larger cities have higher UHI, resulting from a longer distance between urban and suburban 

areas and denser human activities (Oke, 1973). Locations further from the city centre usually present 

higher temperature differences (Zhou et al., 2015). Due to the positioning of temperature measuring 

instruments relative to TCD, the large distance observed in this study might have resulted from high 

TCD. This supports the notion that trees with larger horizontal crowns have better cooling effects, as 

confirmed by several other studies (Lin and Tsai, 2017; Morakinyo et al., 2018; Wang et al., 2021a). 

Albedo and LAI showed a little thermal effect, conflicting with some relevant studies (Guo et al., 2020; 

Taleghani et al., 2014). Site characteristics can explain these results. Sample trees were surrounded by 

soil, and the reflectivity of such substances are unlikely to differ considerably. This issue poses a 

limitation that will be addressed in future studies. The LAI correlated slightly with cooling intensity. 

This phenomenon conflicts with some findings that confirm the thermal impacts of LAI. It might result 

from the thermal index of this part, which is the MRT difference between different points under the 

canopy. Admittedly, sites with higher LAI are cooler. For instance, if Tree 1 and Tree 2 had different 

LAIs (Fig. 6.10), MRTA1 would be higher than MRTA2 under the same weather conditions. Nevertheless, 

MRTB1 was also higher than MRTB2. Therefore, it is hard to say whether ∆MRTAB2 was lower or higher 

than ∆MRTAB1. This may also explain the insignificant effect of albedo. However, this hypothesis was 

uninvolved statistically, which is a limitation of this part.  
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Fig. 6.10. Trees with different leaf area indexes (LAI)s. 

This study is not without other limitations. As a preliminary study of temperature distribution under the 

crown of individual trees, there are still many important factors are not considered.  Due to the limited 

sets of instruments, climatic data for only one variable (trunk shade regarding daily periods) could be 

collected. Thus, the pond shape was defined in two-dimensional screens. Meanwhile, other physical 

factors, such as site openness and albedo, showed little thermal effects. Hence they were excluded from 

the process of pond shape deduction. This study focused on individual trees, as trees in clusters have 

been studied previously (Zhang et al., 2019a). In future studies, more thermally relevant variables would 

be included with the support of advanced techniques, and trees would be placed into three-dimensional 

spaces. The multiple analyses could help develop more complex equations that can comprehensively 

indicate the temperature distribution around the area under trees.   



123 

7 Conclusion and practical implications  

7.1  Conclusion 

This project conducted a comprehensive field monitoring study of trees’ cooling effects in the Gold 

Coast—a coastal city in Australia with subtropical climate features. The cooling effects of grouped trees 

in urban green spaces and individual trees in open spaces were investigated. Results are summarised in 

the following paragraphs. 

The cooling effect of grouped trees in urban green spaces varied with the time of the day due to the 

effect of the sea. Park cooling intensity increased from 9:00 to 20:00. Increasing tree coverage by 10% 

reduced air temperature by up to 0.2 °C (at 16:00). The cooling effect of park tree coverage increased 

from noon to dawn. Trees produced little cooling effect at noon, possibly because the cooling effects of 

the sea was most significant during warm periods. Locating parks closer to the sea could reduce air 

temperature by 0.25 °C (at 12:00).  

Sites with a high percentage of tree cover and/or close to water surfaces were generally cooler than their 

counterparts. The cooling effects of trees varied with contextual environments (e.g., openness and 

albedo), as confirmed by several previous studies. The first part of this project found that the cooling 

effect of trees differed with the time of the day, as did the thermal effect of the water bodies (the sea). 

These findings were a follow up from earlier studies and they filled an important knowledge gap.   

The second part of this project investigated the effect of tree crown characteristics on the outdoor 

thermal environment in a subtropical city of Australia. This study focused on various crown 

characteristics, including geometry and porosity. Such detailed analyses of outdoor thermal 

environments have rarely been conducted.  

Specifically, this part deconstructed a tree’s crown characteristics using four indicators, gross canopy 

index (GCI), leaf layer index (LLI), crown volume index (CVI), and total canopy index (TCI). The CVI 

and TCI are sophisticated indicators having significant thermal effects. The results show that increasing 

the value of CVI and TCI by 10% can significantly reduce MRT by 0.67 °C and 0.80 °C, respectively, 
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given certain air temperatures. Their effects are more significant than that of the two simple indicators, 

GCI and LLI. Of the four indicators, TCI is the best predictor of a tree’s cooling effect, as indicated by 

the highest proportion of MMRT variance. In theory, it also involved several important crown 

characteristics related to the range of shade and the leaf layers. 

This part of the study confirmed that the crown characteristics of a tree have significant effects on the 

thermal environment. Trees with wider crowns and more leaves, as displayed by a larger and/or denser 

crown, are found to create optimal thermal environments in summer. The proposed crown indicators 

and related results provide a rationale for landscape design and plantation selection to improve outdoor 

thermal environments in tropical and subtropical cities.  

The third part of this study explored the tree cooling pond effect and its influencing factors. This 

determined the regular temperature distribution under a certain tree, that has been rarely investigated. 

The tree cooling pond effect was found to vary with tree features, particularly their size. The MRT 

gradually increased with distance from the trunk, and a sharp change occurred beyond the tree’s shade. 

However, little MRT variation was measured in the evening. 

The ∆MRT was most significantly correlated with the diameter of the crown size, where a TCD of 16.6 

m caused an ∆MRT of 18 °C between the trunk and the unshaded site (R2 =0.6771). Other measured 

physical factors (albedo, LAI, etc.) had little effect. 

This study measured the ground temperature distribution under the canopy of single trees. These 

findings will guide future urban planning and landscaping in terms of improving OTE. The results show 

that sites near the trunk are approximately 18 °C cooler than the open sites (as indicated by MRT). This 

suggests that the cooling effect of individual trees mainly occurs under the canopy. Theoretically, this 

study implemented a visual definition for TCP. Several critical points under the tree were identified, 

delineating the pond quantitatively. Readers could roughly imagine the temperature changes around 

any tree as UHI. Practically, this study confirmed the potential for thermal environment improvement 

by planting trees with specific features. Trees with large sizes (wide crowns) cause more considerable 

temperature differences. Selecting tree species with larger canopies (e.g., Ficus) at walkways could 
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generate better cooling effects. Meanwhile, large temperature differences occur between shaded and 

unshaded areas, meaning, that the trees are less effective when cooling uncanopied sites. Therefore, 

planting should be done with fewer gaps between neighbouring trees. Thus, the distances between 

neighbouring trees should be strictly planned taking into account their dimensions. The distance 

between neighbouring trees’ growing points along an east-west orientated street in the Gold Coast 

should be D + H*cot60° (D, the crown diameter; H, the tree height). 

7.2 Practical implications 

7.2.1 Urban planning policies  

Outcomes of this project echoed some strategies used by city development (City of Gold Coast, 2018). 

There was a wide spectrum of measures issued by the government for enhancing urban avenues and 

streets. The city sustainability was approached through street layout redesign. However, as an 

established city, a complete restructure of the Gold Coast was not possible. Officers tried to retrofit 

amenities and found footpaths in forestry. Citizens were encouraged to spend more time exercising and 

socialising outside to enrich their daily lives (The Property Council of Australia, 2019) and saw 

improvements in both physical and mental health (Maas et al., 2009). These methods promote outdoor 

activities, considerably increasing the vitality of cities (Shi et al., 2019). Vegetating, especially trees 

explored in this project, played a significant role in adopting these strategies. 

7.2.2 Policies relevant to trees   

City of Gold Coast (2019) had issued several policies for tree planting along roads and in parks to 

improve city landforms and ecosystems. Planting of trees is required to meet certain codes or standards 

regarding site locations. Aesthetics, suitability, attributes of biology, and functions should be considered. 

Tree plantations should follow two processes: species selection and asset management. The species 

selection needs to consider local factors. For instance, the species (native) needs to be suitable for local 

landforms, ecosystems, and climates. Planted trees should be beneficial for streetscapes, water and soil 

erosion avoidance, and walkway shading improvement. Growing environments also need to be 

considered. Whole site planting has to be planned cost-effectively. Being beneficial for dwellers’ health 
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is also important for tree planting. These are described in Sections 2.0 and 3.0 (2.0 & 3.0) of City of 

Gold Coast (2019). 

Various studies have illustrated the diverse beneficial properties of trees, echoing the abovementioned 

policies. Trees well planted along the street create clearer outlines of the city and improved visual 

enjoyment senses. Road trees improve visual and psychological enjoyment for pedestrians (Thompson 

et al., 1999); street trees also play an important role in maintaining city ecosystems (Song et al., 2020); 

the biological diversity, such as bird species, are enriched by aged trees (Ikin et al., 2013); these 

properties echoed the need for aesthetics and the restoration of the ecosystem, as described in Section 

2.0 of City of Gold Coast (2019)’s policies, such as protect the habitat and waterways in Section 2.2. 

Roadside trees have functional strengthening streetscape qualities—managing water storms, shading 

paths, and transport stations. They also help resisting some natural disasters that keep cities secure. The 

denser plantings of trees reduce wind speed (Guo et al., 2020). Forests absorb or block particulate matter 

in the air and clear up the city atmosphere (Chang et al., 2019). Trees also maintain city soil by reducing 

water erosion. Section 2.1 of the policies include functions of trees—storm water management and 

water infiltration. The Tree City USA expected a high value of stormwater (128.7 m3/km street length), 

achieved because of street trees (Berland and Hopton, 2014). Trees’ function to improve shade coverage 

was mentioned; they also help to promote human health (Sections 2.1 & 2.2 of the policies). The ability 

of shade from trees to avoid heat stress avoidance was more broadly investigated (Rahman et al., 2018). 

7.2.3 City sustaining in energy   

Sustaining the city was also achieved by reducing energy use (City of Gold Coast, 2019). Generally, 

energy savings can be made in several ways. In architecture, designers select highly insulated facades 

to avoid heat loss. Smart appliances that turn off when not in use can be recommended (Pan et al., 2007). 

However, cooling outdoor spaces could also address this problem. Outside vegetation decreases the 

amount of heat falling on building skins (Ennos, 2015) and functions regardless of elevation or the 

footprint of nearby sites. Well-vegetated exterior walls and roofs can reduce indoor temperatures by 

0.26 °C (Sun et al., 2012), indirectly reducing energy loads by 7.3% (Feng and Hewage, 2014). Trees 

next to envelopes were simulated to reduce the indoor temperatures by 1.3 °C (Morakinyo et al., 2016). 
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However, better effects can be achieved by vegetating alongside buildings to block sunlight. Moreover, 

trees are able to adjust atmospheric quality as their transpiration processes absorb matter from the 

atmosphere (Chang et al., 2019). As such, trees planted in city environments improve living qualities 

in many ways.  

7.2.4 Contribution of this project in practice   

This investigation has explored the characteristics of trees that influence their cooling performances. 

The temperature distribution around the canopied sites was confirmed across samples. These principles 

could guide planting patterns and species selections in the future. Trees in the city are beneficial in 

many ways (climate, environment, aesthetic etc.) (Abdi et al., 2020; Langenheim et al., 2020; 

Thompson et al., 1999). Thermal comfort is important to encourage the use of public spaces, which 

could be improved by increasing the cover of trees. Thermally comfortable outdoor spaces would attract 

more people, thus increasing city vitality, improving health, and reducing energy loads (Lo and 

Quattrochi, 2003; Morakinyo et al., 2016; Shi et al., 2019). Specifically, individual trees, further, with 

wider sizes and/or denser leaves, are found to be the most effective at cooling the surrounding 

environment. These properties also result in other beneficial functions (soil erosion prevention, water 

storm, atmosphere clearance, human life enrichment, etc.) (Datta et al., 2021; Liu et al., 2021; Zhao et 

al., 2021). Further, the temperature distribution under canopies towards tree characteristics revealed the 

significance of tree cooling. It also revealed the cooling ranges of certain trees. Nearby buildings could 

make significant energy savings by considering tree planting patterns and species selection during city 

planning. The distance between buildings and trees should be well planned to ensure tree cooling 

efficiency.  
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Abstract: Urban parks can help to ameliorate the urban heat island effect. This study measured thermal 
environments in 18 urban parks in Gold Coast, a coastal subtropical city. In particular, this study 
categorized and investigated two types of planning factors that may affect the thermal environment in 
parks: internal factors, including park tree coverage and sky view factor, and external factors, such as 
distance to the sea. Through physical measurement and analysis of variance, it is found that that the 
park cooling intensity was affected by both internal and external factors, while their effects varied in 
different periods of the day. The effect of trees was most significant in the evening. An increase of park 
tree coverage and a decrease of sky view factor could reduce evening air temperature by around 2 °C 
and 2.5 °C respectively. The effect of the sea was more significant in the morning. The park with the 
shortest distance to the sea could decrease air temperature by more than 2 °C in the morning. This 
study identified the features of thermal environment in coastal subtropical areas and their influential 
factors; it also provided evidence and guidance for urban planning and design to improve urban thermal 
environment. 

Keywords: urban parks; thermal environment; urban planning; subtropical coastal city 

1. Introduction

There are more than half of global residents inhabiting in cities [1]. This figure is predicted to
reach 66% in the middle of this century. In cities, people suffer from serious urban environmental 
problems; urban heat island (UHI) is one of them, which refers to the phenomenon that the urban areas 
are usually warmer than their surrounding suburban areas. It has been proved in many studies [2–4]. It 
significantly affects the inhabitability of a city, such as increasing the amount of cooling energy 
consumption [5], causing poor health condition [6] and thermal discomfort [7]. Due to the continuous 
global urbanization, increasing number of world population would be affected. Therefore, the urban 
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heat or urban thermal environment is a pressing problem, which needs to be addressed immediately. 
To avoid the side effect of UHI, many researchers are investigating methods to mitigate it. The 

methods include such as increasing urban vegetation spaces, establishing water bodies, and creating 
more shading for urban areas [8–10]. Meanwhile, due to a large proportion of urban lands being used 
for the construction site which is mostly covered by concrete, asphalt, and cement, urban parks need 
to play a major role in mitigating urban heat island and improving urban thermal environment.  

In response to this need, a variety of studies have been conducted to verify whether parks are 
cooler than their surrounding areas. It is found that urban parks with grass land surface is nearly 19 °C 
cooler than its surrounding asphalt, and the air temperature above the lawn is more than 1 °C lower [11]. 
Some studies found that green space can reduce temperature by nearly 1 °C and the reduction degree 
depends on its size [8]. The level of reducing temperature is associated to vegetation species, canopy 
covering, as well as park size and shape [12]. Through studying several campus areas with tree 
canopies in Taiwan, Lin found that a higher sky view factor (0.8) results in more thermal discomfort 
in the summer [13]. A field measurement in ten parks in Singapore found that shades are the most 
effective factor for reducing temperatures, cooler by 10 °C at least (48.5–38.4 °C). One key of shade 
generation is planting more trees, which proves the significance of trees in UHI mitigation [14].  

Parks usually have lower temperatures than their surrounding districts, while high tree coverage 
could reduce air temperature. Higher land usage creates more shades, which mitigates UHI. That is to 
say that vegetation, shades, and parks are functional in urban microclimate improvement [15]. A spatial 
regression model to analyze parks in Beijing center confirmed that water area and index of parks could 
significantly reduce temperature, while areas of buildings as well as main roads would increase 
temperature [16]. Parks are indicated to reduce land surface temperature by 7.26 °C depending on the 
land covering materials (Grass or Tree) [17]. An analysis on thermal infrared remote sensing data 
pointed out that parks with a water area proportion above 30% have more significant temperature 
reduction performance, and the cooling distance is also farther [18]. Sizes of forest vegetation and their 
spatial arrangements could cause urban cooling, while cool island composition as well as its 
surrounding environment can also influence that [19]. A study investigated three parks in Abuja and 
found a number of park factors in relation to sizes and geometries that influenced park cooling 
effects [20]. A measurement work at Beijing Olympic Park found that areas with higher vegetation 
coverage are considerably cooler, and its significance varies in regards with different time periods of 
the day [21]. 

Cooling effect of parks creates more thermally comfortable environments for urban dwellers’ 
recreation, which improves urban thermal environment, and mitigate the negative thermal impact due 
to UHI. The reviewed studies have confirmed that parks have significant effect on thermal environment 
adjustment. Their cooling performances result from physical factors, including vegetation, water body, 
and shades. Cooling levels of parks depend on size, scale, coverage, and distance. Moreover, park can 
also affect thermal environments of its surrounding areas, for districts closer to a park were measured 
to be cooler, which has been proved in several studies [11,21,22]. A park’s thermal environment could 
be also affected by its surroundings, especially when contacting a huge water body. This is more 
significant in coastal cities where parks are exposed to the sea which has cooling effect. Contrasted 
with park internal factors such as vegetation and size, how the sea affects a park’s thermal environment, 
is a question worthy of being investigated.  

This paper focuses on parks in a coastal city to explore the impact of influential urban planning 
factors. The influential factors include that inside and outside the parks. Inside factors are defined as 
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internal factors, which are park tree coverage (PTC) and sky view factor (SVF); outside factor is the 
external factor, which is distance to the sea (DTS). The overall objectives of this study could be 
summarized as follows: 

 To measure and present data showing the air temperature difference between each park and
the reference weather station; 

 To define park internal and external factors that would affect thermal environment;
 To analyze how does each factor affect a park’s cooling performances.

2. Methodology

2.1. Study area description 

The measured parks are located in Gold Coast, a subtropical coastal city in Australia. Gold Coast 
(Figure 1) is a coastal city located on the eastern seaside of Queensland, Australia (28° S, 153° E). It 
has hot and long summers [23]; hence local residents suffer from long-term thermal stress every year, 
especially those who have to work in outdoor environments. Monthly recorded maximum temperatures 
are usually above 35 °C (Table 1). As a coastal and subtropical city, urban climate characteristics and 
thermal environment of Gold Coast have not been well studied and documented. The government, 
strategically, is using a series of green spaces and urban parks to create a green corridor for the city for 
better habitability and sustainability. It is imperative to conduct thermal environment research to 
examine the cooling effect of these urban parks on Gold Coast city and to provide evident direction 
for government planners and architects to design and manage the urban parks for optimal outcomes. 

Figure 1. Geographical location of Gold Coast on the eastern coast of Australia. 

Image removed
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Table 1. Climate data of Gold Coast from 1992 to 2017 [24]. 

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 
High max (°C) 38.5 40.5 36.3 33.3 29.4 27.1 28.9 32.4 33 36.8 35.5 39.4 
Low max (°C) 22.8 22.3 22.2 19.3 17 14.5 15.6 15 16.9 17.5 19.8 20.9 
High min (°C) 26 27.3 26.2 23.8 21.8 19.1 21.8 19.4 20.7 22.7 24 24.9 
Low min (°C) 17.2 17.2 13.4 8.9 6.6 3.8 2.5 4.2 7.9 9.4 8.2 14.7 

2.2. Air temperature measurement 

There are 18 parks (Figure 2) with different planning factors and geographical locations around 
Gold Coast selected for air temperature measurement. These parks represent the main open vegetation 
spaces in urban areas of this city. They align with the coastal areas and serve different communities. 
All parks are covered by trees in different ratios and locating around the city. As mentioned in the 
reviewed papers, cooling performances of water body and vegetation are affected by their size, 
coverage, and distance, which would be analyzed in this study. In this study, the park area is not 
considerably different, and the size would have little effect on parks’ thermal environment. Therefore, 
these factors are excluded in this study. Some key thermally relevant planning factors of all parks are 
listed in the Table 2. 

Figure 2. Geographical locations of urban parks on Gold Coast. 

Image removed
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Table 2. Features of the 18 urban parks (ranked by tree coverage). 

Park names Measurement date Tree coverage (%) Distances to the sea (km) 

Musgrave 06/02/2018 85 2.09 
Tenth Avenue 05/02/2018 80 0.41 
Sun Valley 07/02/2018 80 4.04 
Ward 12/02/2018 75 3.24 
Macintosh 19/02/2018 70 0.27 
Matthew 22/01/2018 30 13.30 
Cavil 12/01/2018 70 0.47 
Arthur 20/02/2018 45 8.98 
Harry Brown 13/02/2018 40 1.43 
Lionel Perry 16/01/2018 30 0.84 
Crocker 23/01/2018 30 1.40 
Evandale 21/02/2018 25 1.55 
Ingle 14/02/2018 25 9.70 
Neddy 01/03/2018 15 0.51 
Neal 30/01/2018 15 0.46 
Woodroffe 17/01/2018 15 1.60 
Apple 15/01/2018 15 0.54 
Doug 24/01/2018 10 0.75 

The measurement took place during a period of summertime in the Southern Hemisphere, which 
spanned from 12/01/2018 to 01/03/2018. Every park was measured in a sunny day from around 10:00 
to 20: 00. Air temperature (AT) is engaged as the key data. The maps of all parks showing their 
boundary as well as measured points are displayed in Figure 3. There are nine points in each park 
selected for the measurement by using rigid grids in response to the park geometry, plants, and footpath 
distribution, which reflects the whole physical features of one park. Each point was measured three 
times a day by a Testo 480 (a digital thermal environmental instrument, around 1.5 m above the land.), 
which has been proved to be a supportive instrument in outdoor thermal environment studies [25]. The 
whole day measurement was carried out in the morning (10:00), afternoon (14:00), and evening (17:30). 
It is ordered from Points 1 to 9 during each timestamp. Each point was measured continuously during 
a 15 m timestamp. To ensure that the measurement is accurate, the 15 measurement values were 
calculated in average. Therefore, in total, there is a cluster of 27 (3 times a day at 9 points) measurement 
data for each park. 
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Figure 3. The boundary of the 18 parks and the nine-point grids for the measurement. 

2.3. Park cooling intensity 

Urban heat island intensity (UHII) is usually engaged in UHI study [26]. UHII means the 
temperature difference between the urban and the surrounding suburban areas of the city, which 
evaluates the level of UHI. It is indicated by air temperature or land surface temperature. Park cooling 
intensity (PCI) is an idea similar with UHII. The cooling performance of one park, the temperature 
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difference between the park and its reference (such as a location outside the park), is defined as PCI in 
this paper. It is calculated by the park temperature minus that of the reference, shown as ΔT. Griffith 
Station is selected as the reference, which is due to its neutral location, neither too far nor too close to 
the sea. PCI is calculated by AT of parks minus that of Griffith. A cooler park has a negative ΔT value, 
whereas a positive value occurs in a warmer one. A lower ΔT means better cooling performance of 
one park. 

2.4. Internal and external factors 

2.4.1. Park tree coverage (internal) 

All parks are fully covered by lawns and different proportional trees. Tree coverage is an internal 
property for each park. It is calculated by the ratio that tree covering area to the park surface area in 
the satellite image. PTC is used for tree’s effects in environmental adjustment, which is proved by 
several studies, including Lin and Lin [27], ZhaoWentz and Murray [28], and ArmsonStringer and 
Ennos [29]. Theoretically, cooling effects of trees result from their physical (shading) and biological 
(photosynthesis [30] and transpiration [31]) properties, which is illustrated Figure 4. 

Figure 4. Cooling effect of trees. 

2.4.2. Distance to the sea (external) 

Park thermal performance is also affected by its surrounding environment. The sea, a huge water 
body to the east of all parks, is a natural conditioner influencing them thermally. Water has also been 
proved to have certain cooling effect in several studies. A measurement has proved that river bank area 
is nearly 1 °C cooler than its nearby areas [9]. A study from Shanghai found out that cooling distance 
of water body is around 740 m [32]. A study from Valencia pointed out that water surface can cool 
down both its situated and surrounded environments [33]. Distance is a factor affecting object cooling 
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effect. As all parks are located in difference distances away from the sea, distance to the sea is used as 
an external factor.  

2.4.3. Sky view factor (SVF, internal) 

SVF is another internal factor of all parks. It refers the ratio of sky that could be witnessed at one 
specific location [34]. It is valued from 0 to 1, which represents total free spaces. For a more clear 
understanding, the calculation of SVF is explained in Figure 5 and Eq 1 [10]. 

Figure 5. Calculation Process of SVF (Source: adapted from [10]). 

𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎 =  
𝑥𝑥
𝑦𝑦
𝜑𝜑𝑠𝑠 =

1
𝜋𝜋𝑅𝑅 2

�  
𝑆𝑆𝑆𝑆

cos  𝜃𝜃 𝑑𝑑𝑆𝑆  (1) 

In this study, parks are mostly covered by trees. A denser tree-covered park has less openness. So 
SVF values are generally negatively related to PTC. Low SVF values, especially in the areas covered 
by vegetation, have more significant effects on thermal environment. Zhang Goulu et al. [35] found 
that reducing SVF from 0.9 to 0.1 at tree covering areas can reduce mean radiant temperature by 
approximately 15 °C. LinMatzarakis and Hwang [13] found out that a SVF value of 0.8 (high) is the 
key cause of thermal discomforts in Taiwan. Hien and Jusuf [36] confirmed that trees can decrease air 
temperature by nearly 1 °C if SVF reduces from 1 to 0.1. Hence it could be deduced that the effect of 
PTC is opposite with that of SVF. 

SVF refers the property of one location, which is measured at each point of a park. In total, there 
are 9 (points)*18 (parks). The SVF is measured using fisheye lens camera and the value is calculated 
by using Winscanopy software.  

2.5. Analysis of variance 

Analysis of Variance (ANOVA) is a combined of statistical model, which is used to analyze the 
difference among group means in a sample. In this study, park thermal environment data were analyzed 
in ANOVA to find their correlation with internal and external factors. 

Image removed
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3. Results

3.1. General illustration of measured park data 

Figure 6 shows the air temperature fluctuation of all parks during the measurement periods. As to 
the measurement time in Figure 6, the three boxplots refer morning, afternoon, and evening 
respectively. There were considerable differences of temperature among them, which ranged from 
approximately 20 to 40 °C, due to the daily weather condition differences among the measurement 
days. Nevertheless, all collected data had a common tendency of change, decreasing during the day. It 
can be seen from Figure 6 that parks had higher temperature in the morning, relatively lower in the 
afternoon, and the lowest in the evening. 

Figure 6. Air temperature fluctuation range of all parks. 

Figure 7 illustrates the cooling intensity of all parks during the all measurment periods. Due to 
the variation of park properties, their cooling intensities changed irregularly and widely (from nearly 
−2 °C to more than 4 °C). Cooling intensities of all parks maintained close to 0 °C in the evening 
despite they jumped remarkably during the day. In other words, park cooling effect is more significant 
in the evening. 
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Figure 7. PCI fluctuation range of all parks. 

3.2. Effect of each factor on park cooling intensity on the whole day 

The data of daily average PCI values were input into SPSS for ANOVA with their internal and 
external factors. It can be seen from Table 3, that trees do not affect daily average PCI significantly, 
due to the significance levels of PTC and SVF generally higher than 0.05. The sea has significant effect. 
Nevertheless, the Mean Plots (Figure 8) have illustrated their overall tendancy, which has some 
relevance. Figure 8 illustrates the Mean Plots showing the change trend and degree of PCI in regards 
to its affecting factor value increase. Daily average PCI is negatively correlated to PTC, while it shows 
increasing trends with the increases of DTS and SVF. The change of PTC, DTS, and SVF can cause 
mean air temperature variations of approximately 2.5 °C, 3 °C, and 4 °C respectively. To find their 
exact correlation, they are further analysed in regards to different periods of the day. 

Table 3. ANOVA of each factor effect on daily average PCI. 

Sum of square Degree of 
freedom 

Mean square F P-value

Daily average 
PCI results from 
PTC 

Between group 2.642 2 1.321 2.121 0.154 
Within group 9.342 15 0.623 
Total 11.983 17 

Daily average 
PCI results from 
DTS 

Between group 4.464 2 2.232 4.453 0.030 
Within group 7.519 15 .501 
Total 11.983 17 

Daily average 
PCI results form 
SVF 

Between group 21.063 4 5.266 1.724 0.237 
Within group 24.438 8 3.055 
Total 45.500 12 
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Figure 8. Mean plots illustrating effect of each factor on PCI. 

3.3. Effect of PTC on different periods of the day 

The result of Homogeneity Test of Variance (HTV) shows that the P-values of PTC effect on PCI 
in the morning (0.496), afternoon (0.370), and evening (0.681) are all higher than 0.05; therefore, they 
are suitbale for ANOVA. Data of PCI values in different time periods were input into SPSS for ANOVA 
with PTC. The outputs are shown in Table 4 and Table 5. It can be seen from Table 4 that the P-value 
is 0.863, 0.129, and 0.050 for the morning, afternoon, and evening, respectively. Only the evening P-
value is less than 0.05. That is to say, PTC is significantly effective in the evening.  

The result is illustrated in Table 5 showing further least significant difference analysis (LSD). For 
simplifying the illustration, only data with significant P-value (less than 0.05) are shown in Table 5 
while a full exhibition of all day LSD is attached in the appendix. PCI is generally negatively correlated 
to PTC and clearer correlations are found in the evening. Table 5 shows the change trend and degree 
of PCI with regards to PTC increase in different time periods of the day. In the afternoon, an increasing 
the PTC from 0.15 to 0.75 causes a decrease of afternoon PCI of more than 2 °C (P-value = 0.048). 
This is also significant in the evening (P-value = 0.018), decreasing by around 1.6 °C. 
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Table 4. ANOVA of PTC effect on PCI in different time periods of the day. 

Sum of square Degree of freedom Mean square F P-value
Morning PCI Between Group 0.322 2 0.161 0.149 0.863 

Within Group 16.267 15 1.084 
Total 16.589 17 

Afternoon 
PCI 

Between Group 5.471 2 2.735 2.351 0.129 
Within Group 17.457 15 1.164 
Total 22.928 17 

Evening PCI Between Group 4.252 2 2.126 3.499 0.050 
Within Group 9.114 15 0.608 
Total 13.366 17 

Table 5. Least significant difference of PTC effect on different periods of the day. 

Variable (I) PTC (J) PTC Difference of mean 
value (I-J) 

Standard error P-value 95% Significant zone 
95% Min. 95% Max. 

Afternoon 
PCI 

0.15 0.45 0.69722 0.84333 0.421 −1.1003 2.4947 
0.75 1.17222* 0.54366 0.048 0.0134 2.3310 

0.45 0.15 −0.69722 0.84333 0.421 −2.4947 1.1003 
0.75 0.47500 0.86496 0.591 −1.3686 2.3186 

0.75 0.15 −1.17222* 0.54366 0.048 −2.3310 −0.0134 
0.45 −0.47500 0.86496 0.591 −2.3186 1.3686 

Evening PCI 0.15 0.45 0.48889 0.60935 0.435 −0.8099 1.7877 
0.75 1.03889* 0.39282 0.018 0.2016 1.8762 

0.45 0.15 −0.48889 0.60935 0.435 −1.7877 0.8099 
0.75 0.55000 0.62498 0.393 −0.7821 1.8821 

0.75 0.15 −1.03889* 0.39282 0.018 −1.8762 −0.2016 
0.45 −0.55000 0.62498 0.393 −1.8821 0.7821 

*.P-value of mean value difference is 0.05. 

3.4. Effect of DTS 

The result of HTV shows that the P-values of DTS effect on PCI in the morning (0.479), afternoon 
(0.251), and evening (0.077) are all higher than 0.05, so they are suitbale for ANOVA. Data of PCI 
values in different time periods were input into SPSS for ANOVA with DTS. The output is shown in 
the Tables 6 and 7. It can be seen from Table 6 that only the morning P-value is less than 0.05. That is 
to say, DTS has significant correlation with PCI in the morning.  

Due to the fact that the sea has more significant effect in the morning, a further detailed analysis 
was processed in Table 7 which shows that the farthest location is more than 2 °C warmer than the 
closest one (P-value = 0.004).  
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Table 6. ANOVA of DTS effect on PCI in different time periods of the day. 

Sum of square Degree of freedom Mean square F P-value
Morning PCI Between Group 7.635 2 3.818 6.396 0.010 

Within Group 8.954 15 0.597 
Total 16.589 17 

Afternoon PCI Between Group 5.007 2 2.504 2.096 0.158 
Within Group 17.921 15 1.195 
Total 22.928 17 

Evening PCI Between Group 2.163 2 1.081 1.448 0.266 
Within Group 11.203 15 0.747 
Total 13.366 17 

Table 7. Least significant difference of DTS effect on different periods of the day. 

Variable (I) DTS (J) DTS Difference of
mean value (I-J) 

Standard error P-value 95% Significant zone 
95% Min. 95% Max 

Morning PCI 0.05 0.25 −0.02446 0.39986 0.952 -0.8767 0.8278
0.75 −1.75875* 0.52305 0.004 −2.8736 −0.6439 

0.25 0.05 0.02446 0.39986 0.952 −0.8278 0.8767 
0.75 −1.73429* 0.53314 0.005 −2.8707 −0.5979 

0.75 0.05 1.75875* 0.52305 0.004 0.6439 2.8736 
0.25 1.73429* 0.53314 0.005 0.5979 2.8707 

*.P-value of mean value difference is 0.05. 

3.5. Effect of SVF 

The result of HTV shows that the P-values of DTS effect on PCI in the morning (0.432), afternoon 
(0.299), and evening (0.611) are all higher than 0.05, hence they are suitbale for ANOVA. Data of PCI 
values in different time periods were input into SPSS for ANOVA with SVF. The outputs are shown in 
the Table 8. It can be seen from Table 8 that P-values of evening is less than 0.05. That is to say, SVF 
has significant correlation with PCI in the evening only.  

Table 8. ANOVA of SVF effect on PCI in different time periods of the day. 

Sum of square Degree of freedom Mean square F P-value
Morning PCI Between Group 5.583 3 1.861 0.275 0.842 

Within Group 87.887 13 6.761 
Total 93.471 16 

Afternoon PCI Between Group 59.908 5 11.982 1.953 0.153 
Within Group 79.750 13 6.135 

Total 139.658 180 

Evening PCI Between Group 7.745 2 3.873 7.205 0.016 
Within Group 4.300 8 0.538 
Total 12.045 10 
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A detailed analysis of evening SVF effect is processed using LSD (Table 9), which shows that 
decreasing SVF could result in a temperature reduction of around 2.5 °C. 

Table 9. Least significant difference of SVF effect on different periods of the day. 

(I) Morning SVF (J) Morning
SVF 

Difference of 
mean value (I-J) 

Standard 
error 

P-value 95% Significant zone
95% Min. 95% Max. 

Evening PCI 
results from 
SVF 

0.35 0.40 −0.20000 0.53541 0.718 −1.4347 1.0347 
0.50 −2.00000* 0.59861 0.010 −3.3804 −0.6196 

0.40 0.35 0.20000 0.53541 0.718 −1.0347 1.4347 
0.50 −1.80000* 0.53541 0.010 −3.0347 −0.5653 

0.50 0.35 2.00000* 0.59861 0.010 0.6196 3.3804 
0.40 1.80000* 0.53541 0.010 0.5653 3.0347 

*.P-value of mean value difference is 0.05. 

4. Analysis and discussion

Vegetation spaces and water bodies have pronounced cooling effects for urban environments. This
phenomenon has been broadly studied by many researchers, including Oke [37], Chen and Wong [38], 
and ChangLi and Chang [39]. Their influential levels are varying for size, coverage, distance etc. This 
study looked at cooling intensity of parks distributed around the city and their affecting factors. The 
results indicate that trees’ influence is more significant in the evening, but the sea has a stronger effect 
during the day. In the morning, the tree cooling intensity is minimal, with minimal temperature 
difference and a high significance value being observed; during the afternoon and evening, tree cooling 
intensities are approximately 2 °C (P-value = 0.048) and 1.6 °C (P-value = 0.018) respectively with 
lower significance values. In the contrary, the sea cooling intensity in the morning is more than 2 °C 
(P-value = 0.004). It nearly has no effect in the evening (P-value = 0.266). 

PTC is negatively correlated with PCI generally. This result is in line with DoickPeace and 
Hutchings [40], BowlerBuyung-AliKnight et al. [8], Hathway and Sharples [9], and KongYinWang et 
al. [19]. Trees can reduce environmental temperatures through evapotranspiration and shading. This 
study has shown that PCI has reduction trend as the PTC rise, which points out that the trees have 
evident cooling effect. Sun [41] has proved the negative correlation between vegetation coverage and 
street temperature. A similar result was discovered by WengLu and Schubring [42], ChenZhaoLi et 
al. [43], Buyantuyev and Wu [44], ZhouHuang and Cadenasso [45] etc.  

Meanwhile, its impacts vary at different periods of the day. The cooling effect during the evening 
is more significant than morning and afternoon. A same result is also found by Jauregui [22], Yokobori 
and Ohta [46], SunBrazelChow et al. [47], and YanWu and Dong [21]. This indicates that trees have 
other properties of cooling in addition to evapotranspiration. These properties are even stronger than 
evapotranspiration and shading. 

SVF is positively correlated with PCI, which is caused by the effect of the tree as well. This is 
proved by many researchers. Hien and Jusuf [36], based on their field measurements, found that 
daytime air temperature can be reduced by around 1 °C when the SVF is decreased from 1.0 to 
approximately 0.1 by trees. LinTsaiHwang et al. [48] used area-average SVF as the index, indicating 
that park usage may reduce from 0.16 to 0.01 people/m2 if the SVF value rises from 0.35 to 0.6, which 
means that people prefer low-SVF vegetation areas. Ahmadi VenhariTenpierik and Taleghani [49] 
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confirmed the significant correlation between SVF and physiological equivalent temperature (PET); 
through physical measurement and simulation in Isfahan, a value difference of 10.2 °C was found.  

In addition, park cooling intensity is also affected by its external environment. Distance to the sea 
is significantly correlated to PCI as well, and its effect varies in different periods of the day, which is 
rarely investigated in previous studies. A park closer to the sea (with lower DTS value) is cooler than 
the farther ones. This is caused by the water body physical property. The method by which the sea 
cools its contacted coastal areas is a process that has been explained in physics [50]. During the daytime, 
the land is warmed more quickly than the sea water, warming the land surface air. Warm air from the 
land rises and moves out to the sea, which creates a circular current, resulting land cooling. In contrast, 
an opposite process occurs in the night, for land cools faster than the sea. As a result, on the ground, 
sea breezes blow from the sea during the day but the breeze blows from land to the sea in the night. 
With the continuous air exchange of various temperatures, coastal land temperatures are considerably 
affected by the sea. The sea breeze is also a branch of convection in physics. It is significant in the 
morning but it has little influence in the evening. This results from the sea breeze natural properties. 
The sea breeze cools down the land surface during the day through air exchange. An opposite process 
occurs after sun fall; hence the sea does not show significant cooling in the evening. This is the reason 
that evening has insignificant cooling effect from the sea. This phenomenon was proved by 
TheeuwesSolcerová and Steeneveld [51], YuGuo and Sun [52], and Du [53]. Their studies show that 
the cooling effect of water body mostly occurs during the day. They approved that the result in this 
study that DTS has no effect on PCI in the evening is correct and was found by some researchers in 
similar fields. 

5. Conclusion

This study investigated the internal and external factors of parks affecting their cooling intensity
to mitigate UHI. From the ANOVA results, it is found that parks have certain cooling effects in regards 
to their physical features. This is influenced by a variety of factors and varies for different time periods 
of the day. Trees are able to decrease park air temperature by nearly 2.5 °C for the whole day time 
through coverage rise; its greatest effect is observed in the evening, reducing PCI by more than 2 °C 
(P-value = 0.018). Effects of trees are also emerged in SVF, reducing evening PCI by
2.5 °C (P-value = 0.010). Impact of the sea is greater than the tree for the whole daytime. The park 
farthest to the sea is about 2 °C warmer than the closest one (P-value = 0.004); the most significant 
influential period is morning. 

This study provides the ability evidence of trees and the sea on stabilizing the fluctuation of park 
cooling intensity, which shows the contributions of planting denser trees and locating closer to the sea 
as efficient methods for improving urban thermal environment as well as mitigating UHI in coastal 
cities. Large difference in cooling intensity of the studied factors exists in time period variation of the 
day. Admittedly, some limitations exist for this study. One of the limitations is that this study focused 
on three influential factors while excluding other factors or indicators such as trees leaves or types, 
and parks orientations in relation to dominant wind. It is necessary to include factors in future studies 
to find more compounding relationships.  
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A B S T R A C T

Trees have been found to have significant cooling effect on outdoor thermal environment. This study explores 
the characteristics of a tree component (crown) that accounts for a large portion of the cooling effect. A field 
measurement was conducted in the Gold Coast, Australia, which has a subtropical climate (Cfa), according to the 
Köppen climate classification. The characteristics of the tree crown were indexed by its crown diameter, crown 
height, sky view factor (SVF), and leaf area index (LAI), based on which four new indicators that describe crown 
characteristics were proposed: gross canopy index (GCI), leaf layer index (LLI), crown volume index (CVI), and 
total canopy index (TCI). The former two are basic indicators and the latter two are sophisticated indicators. The 
results showed that the two sophisticated indicators were significantly associated with the mean radiant tem-
perature beneath the tree crown and that increasing the value of each indicator by 10% could help reduce the 
mean radiant temperature by 0.67 °C (CVI) and 0.83 °C (TCI) respectively, if other predictors were fixed. 
Similarly, increasing the value of each basic indicator by 10% could help reduce the mean radiant temperature 
by 0.78 °C (GCI) and 0.066 °C (LLI) respectively, but their cooling effects were less significant than CVI and TCI. 
The thermal effect of the two sophisticated indicators was more significant than that of the two basic ones. 
Among all, TCI was found to be the best predictor of the outdoor thermal environment underneath the tree 
crown. This study proposes new effective indicators to quantify the cooling effects of trees and provides a 
rationale for plant selection in tropical/subtropical climates to achieve a more comfortable outdoor thermal 
environment.   

1. Introduction

Presently, urban residents suffer from the effects of elevated tem-
peratures in cities, which arise as a combination of the urban heat is-
land effect, and rising summer temperatures as a consequence of global 
warming. This is a serious issue, as more than half of the global po-
pulation living in cities currently endure heat stress, with this figure 
predicted to approach 66% by 2050 (United Nations, 2014). Australia 
just experienced the hottest year in recorded history, in the summer of 
2019 (Readfearn, 2020a). The poor urban thermal environment impacts 
the habitability of a city in many ways, including through thermal 
discomfort (Yilmaz et al., 2007), poor air quality (Henao et al., 2020), 
and even fire disasters (Readfearn, 2020). As a consequence, the de-
mand for energy, especially for cooling, is increasing (Ihara et al., 
2008). Researchers studying urban environments have explored a wide 
spectrum of methods to improve urban outdoor thermal environments. 
Among them, vegetation (such as trees) play a significant role in tem-
perature reduction and habitability improvement. The role of 

vegetation in the microclimate adjustment of the urban landscape has 
been investigated at varying scales, including large-scale urban green 
space studies (AboElata, 2017; Asgarian et al., 2015) to micro-greenery 
studies (Zheng et al., 2018). 

Numerous studies have confirmed that vegetation positively con-
tributes to a comfortable thermal environment (Chakraborty and Lee, 
2019; Noro and Lazzarin, 2015; Zhao et al., 2019). In particular, trees 
and their cooling performance have been investigated in detail. The 
canopied areas were found to have lower temperatures and the degree 
of temperature decrease was related to the canopy density. The under- 
canopy temperatures were 1.5 °C (air temperature), 1.336 °C (land 
surface temperature), and 0.6 °C lower (physiological equivalent tem-
perature) (Lindberg and Grimmond, 2011; Wang et al., 2019; Zheng 
et al., 2016). The cooling effects are a result of transpiration (Konarska 
et al., 2016) or shading (Armson et al., 2012). Tree traits (such as leaf 
colour and crown shape) were found to have correlations with cooling 
performance (Rahman et al., 2020b). More detailed analyses have 
considered additional parameters for evaluating tree canopies, such as 
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tree cover (Zhao et al., 2017), sky view factor (SVF) (Lin et al., 2012;  
Middel et al., 2018; Zhang et al., 2019b) and leaf area index (LAI) 
(Carlson and Ripley, 1997; Lee et al., 2019b; Myneni et al., 1997). SVF 
and LAI are usually calculated with a digital tool, WinSCANOPY (Re-
gent Instruments Inc.) (WinSCANOPY, 2017). A few studies have also 
compared tree species (Rahman et al., 2020a). In some large-scale 
studies simulations by ENVI-met (ENVI_MET GmbH) were utilised (Tan 
et al., 2016). 

Previous studies have confirmed that trees have significant thermal 
performance, and they identified critical parameters in their studies to 
evaluate tree cooling effects. For example, low SVF cooled the en-
vironment (Ahmadi Venhari et al., 2019; Tan et al., 2016). Some of the 
parameters were found to be interactively correlated. For example, low 
SVF resulted in high tree cover and a wider shade area (Zhang et al., 
2019b). However, there are still some questions left unanswered. Trees 
with different morphological characteristics, including height, crown 
width, and leaf density, have varying effects on the thermal environ-
ment (Speak et al., 2020). These characteristics are determined by the 
different components of the trees (e.g. crown, trunk, leaf). What mor-
phological characteristics of trees have an impact on outdoor thermal 
environments still needs further investigation by studying individual 
trees. 

This study aimed to investigate the cooling impacts of different tree 
crown characteristics in a subtropical city (Gold Coast, Australia), 
during summer. First, this study proposes several new indicators for 
better physical evaluation of the tree crown. These indicators were 
developed with the support of WinSCANOPY. Subsequently, a field 
survey was conducted using these indicators, attempting to identify 
statistical correlations between the crown characteristics of the sample 
trees and their under-canopy thermal environments indexed by the 
mean radiant temperature (MRT). 

2. Methodology

2.1. Characteristics of trees

The cooling effect of a tree is mostly dependent on its crown. The 
crown refers to the top part of the tree and involves the branches that 
grow out from the main trunk and support the leaves in biological 
processes, such as photosynthesis (Russell, 2020). There were several 
parameters relating to tree components measured, including (tree) 
crown diameter (TCD, also called crown width) (Theme, 2020), trunk 
height (TTH, sometimes called crown base height) (Karna et al., 2019), 
and crown depth (TCDth). TCD refers to the mean value of a tree's 
maximum crown diameter, measured in different directions (Zhou, 
2018). TTH is the vertical distance from the crown base to the ground 
(Cookie, 2020). TCDth refers to the vertical distance from the crown 
base to the top (Morgenroth and Östberg, 2017). The sum of TTH and 
TCDth gives the total tree height (TH). An explanation of these para-
meters is illustrated in Fig. 1a. These parameters represent the tree 
(crown) characteristics used in this study. They were chosen due to 
their significant effects on thermal performance. Generally, a larger 
TCD represents a wider horizontal surface area, indicating a greater 
thermal impact on its under-canopy environment, since a healthy tree 
with a larger crown diameter usually has a larger quantity of leaves. 
Owing to the different natural shapes of trees, TCD can vary in different 
directions. This study measured crown radius (m) in four directions (E, 
W, S, and N) and considered the average value to account for the slight 
TCD variations in different directions. Numerically, TCD is half the sum 
of the four radii, a, b, c, and d (Fig. 1b). Higher TTH values may reduce 
the cooling effect on the objects underneath the tree canopy, whereas a 
tree with a lower TTH creates more immediate shade and thereby 
cooling underneath (Fig. 1c). In general, TCD and TTH have opposite 
effects on the immediate shade in the under-canopy area. Therefore, a 
new indicator accounting for the overall immediate shading effect of a 
tree is needed, which takes both TCD and TTH into consideration. This 

study proposed the gross canopy index (GCI) as a simple indicator of 
this. It is calculated as the ratio of TCD to TTH, which partly indicates 
the crown geometric characteristics of a tree. 

Leaf density is also a key factor affecting tree canopy effects. A 
crown with denser leaves can generate more solid shade (lower pro-
portion of sunlight spots). Meanwhile, the degree of crown-canopy is 
also affected by the number of layers of leaves, which are not con-
sidered by the GCI. These shortages can be compensated with the use of 
SVF, LAI, and the tree view factor (TVF), which measure leaf porosity 
and canopy layers. WinSCANOPY measures the LAI, SVF and gap 
fraction (GFr) through hemispherical images taken by a digital camera 
with a fisheye lens (WinSCANOPY, 2017). SVF refers to the proportion 
of visible sky (ranging from 0 to 1) in a hemispherical image (Zeng 
et al., 2018), which is frequently used in urban microclimate studies 
and has been demonstrated to have a significant correlation with the 
thermal environment (Jusuf et al., 2007; Lin and Lin, 2010; Zhang 
et al., 2019b). Generally, it has been found that low SVF led to cooler 
thermal environments in some areas (e.g. under tree canopies). LAI 
refers to the leaf area (m2) per unit of ground area (m2) and its calcu-
lation process is more complex than that of SVF, as it engages several 
factors in WinSCANOPY, including the GFr at different zenith angles. 
There are different methods for calculating LAI, such as the Bonhom and 
LAI 2000 methods (Moser et al., 2015). This study selected the Log 2000 
method, which calculates the GFr at five angles (θ1 to θ5 in Fig. 1d). The 
GFr values of the remaining angles are acquired via logarithmic re-
gression. From the measured probability of extinction (leaf GFr), and 
other known parameters (path length, leaf orientation distribution) an 
inversion process can be used to estimate LAI (Lindsey and Bassuk, 
1992; Miller, 1967; Peper and McPherson, 1998). The Log 2000 method 
was used as its calculation is also helpful in explaining another im-
portant indicator, leaf layer index (LLI). The tree view factor (TVF) is 
another important parameter referring to the visible hemispheric area 
ratio of trees in a fisheye photograph, which has been shown to have 
thermal significance (Yang, 2009). Its calculation is similar to SVF, but 
its calculation requires some further processing in WinSCANOPY 
(colour edition). Of the calculated parameters, LAI is negatively related 
to SVF and GFr, while it is positively related to TVF (WinSCANOPY, 
2017). 

Clear explanations of all three parameters are illustrated in Figs. 2 
and 3. Fig. 2a illustrates the parameters and the equation for the SVF 
calculation; Fig. 2b expresses the calculation and equation for LAI.  
Fig. 3a presents an original fisheye image; Fig. 3b shows a fisheye image 
after editing in WinSCANOPY for TVF calculation. Despite the com-
plexity of the calculation, values of TVF can be directly acquired from 
WinSCANOPY, which simplifies the work needed. 

In WinSCANOPY, values of SVF, LAI, and TVF were acquired. 
However, they were used to describe the canopy conditions of a loca-
tion, rather than a tree. In other words, they evaluate location char-
acteristics, rather than certain trees. Therefore, there are other in-
dicators for evaluating the trees as a whole needed. To exactly represent 
the target tree characteristics, fisheye images were taken on the ground 
next to the trunk (within 1 m) for every sample. The sampled trees were 
standing in open spaces with few obstructions nearby, and any extra 
objects visible in the images were removed via canopy editing, such as 
in Fig. 3d, to avoid errors in the parameter calculations of the target 
trees. 

Moreover, other parameters (e.g. GFr, zenith angles and path 
lengths) relating to the crown layer of a tree were used. A new simple 
indicator, LLI, was proposed. LLI loosely refers to the ratio of LAI to 
TVF, however, its definition and calculation are complex and a com-
prehensive explanation is given in Appendix. A simplified calculation is 
shown in Eq. (1): 

=LLI LAI
TVF (1)  

To more specifically describe a tree's crown characteristics, the two 
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indicators were combined with others to form some more sophisticated 
indicators: crown volume index (CVI) and total canopy index (TCI) in 
Eqs. (2) and (3), respectively. 

= ×CVI GCI LAI (2)  

= ×TCI GCI LLI (3)  

In the equations, GCI is indicative of crown width and height (D/ 
TH), representing a tree's geometric characteristics and, especially, its 
canopy condition; meanwhile, LAI refers to the leaf area per unit 

Fig. 1. Illustrations of the tree component parameters. a. TCD, TTH, TCDth, and TH; b. The measured radius, = + + +TCD a b c d
2 ; c. Differing tree shade positions with 

high and low TTH; d. The five light lines and the angles for LAI calculation; e. Division of tree crown range into two zones for more exact calculations (d and e were 
mainly used in the Appendix). 

Fig. 2. Explanation of the calculation of SVF and LAI (a. SVF, SVFa = x*φa/y (up) = (∫ SV cos θdS)/πR2 (down) (Nasrollahi and Shokri, 2016); b. LAI, 

= =LAI n
n

1 Sln
Sg (Chan, 2013)). Sl and Sg refer to each leaf area and ground area respectively. 
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ground area, which involves leaf density, leaf layer quantity, and TVF, 
representing a crown's canopy or shade properties. The indicator CVI, 
calculated by multiplying GCI and LAI, is related to a crown's volume, 
hence, it is called the crown volume index. Meanwhile, TCI contains the 
gross canopy range and canopy layers, which indicates the total canopy 
intensity. The two newly proposed indicators, obtained by combining 
the previously used indicators, more comprehensively describe a tree's 
physical characteristics and are used as independent variables in this 
study in association with the thermal index (MRT, the dependent 
variable). 

In summary, this study uses three existing indicators that are com-
monly used in studies of outdoor thermal environments and proposes 
four supplementary new ones. Their properties are listed in Table 1.  
Fig. 4 gives an indicative illustration of GCI, CVI and TCI. LLI is ex-
plained in the Appendix. All four indicators are related to the crown. 

GCI is more indicative of the area of coverage of the crown; LLI is more 
indicative of leaf layers; CVI is more indicative of the volume of the 
crown; TCI is more indicative of the coverage and layers of the crown. 
The calculation of CVI and TCI involves many parameters, so these are 
sophisticated indicators, while GCI and LLI are simple indicators. They 
are used for comparison in the analysis. 

2.2. Site selection 

The Gold Coast (28°S, 153°E) is a subtropical coastal city in eastern 
Australia (Fig. 5). It was selected for this study with the aim of iden-
tifying the cooling effect of trees. Owing to the subtropical climate 
(Cfa), according to Köppen Climate Classification (Kottek et al., 2006), 
it has very hot and long summers (Evers, 2009), which causes long-term 
thermal stress to local residents. This is an increasingly serious problem 

Fig. 3. Example of colour edition WinSCANOPY analysis of fisheye images (a and c: original fisheye images; b and d: fisheye image after editing; b presents the 
calculation process for TVF; d shows the image with all other objects removed). 

Table 1 
Comparison of 7 crown characteristic indicators.       

Indicators Definition Purpose References  

Existing indicators Sky view factor Ratio of visible sky Evaluating location openness Hien and Jusuf (2009) 
Tree view factor Ratio of visible tree Evaluating location tree canopy condition Yang (2009) 
Leaf area index Leaf area of a unit ground area Evaluating location leaf conditions Lee et al. (2019b) 

Newly proposed indicators Gross canopy index The ratio of crown diameter to crown height Evaluating crown geometry roughly  
Leaf layer index Average leaf layer condition Evaluating leaf layer 
Crown volume index Multiplication of GCI and LAI Covering both crown geometry and leaf density 
Total canopy index Multiplication of GCI and LLI Covering both crown geometry and canopy layer 

CVI = f(L× D /H): ‘a’ refers to 1×CVI while ‘e’ and ‘f’ refer to 2×CVI, which shows that 2×CVI can be achieved by twice L or ×2 D; (D: Tree Crown Diameter; L: 
Leaf Layer Index; H: Tree Crown Height).  

J. Zhang, et al. Ecological Engineering 158 (2020) 106027

4



among people who have to work in outdoor environments (Readfearn, 
2020a). The maximum temperature typically exceeds 35 °C (Table 2). 
Meanwhile, a considerable increase in mean summer temperatures has 
taken place in recent decades (approximately 1 °C). There were even a 
few days above 40 °C recorded in Dec. 2019 (Meteorology, 2020). There 
have been some strategies implemented by the government to improve 
the city's habitability and sustainability, such as utilising vegetation 
space and urban parks for creating green corridors and more sustain-
able cities. 

The Gold Coast Health and Knowledge Precinct (GCHKP, Fig. 6) is a 
symbol of the city, representing a business hub for industry, employ-
ment, and research (Lane, 2020). It functions as a mixed-use commu-
nity for accommodation, working, studying, and entertainment. This 
precinct contains two areas which are Knowledge (Griffith University 
Campus) and Health (one public hospital and one private hospital). The 
two areas are separated by a main road. Accommodating various indoor 
and outdoor activities, the GCHKP is a large modern precinct with 
landscapes for local people to live and work. 

There were 16 individual trees around the GCHKP selected for 
measuring. All of the 16 trees were studied as one data cluster, although 

they were located in two different areas (Knowledge and Health re-
spectively) (Fig. 7). Trees in the Knowledge area were numbered from 
T1 to T8, while those in the Health area are numbered from T9 to T16. 
Each tree stood in an open space with few obstructions nearby. There 
was no overlapping shade between the tree and any neighbouring ob-
structions, so these were ideal samples for the study of individual trees. 
This study focused on tree characteristics, hence individual trees were 
surveyed instead of groups, to highlight the effects of each tree. The 
diversity of the crown characteristics were considered in the selection 
of sample trees. All trees physically vary in crown characteristics, such 
as crown diameter, trunk height, and leaf density and the combination 
of these factors can influence a variety of indicator values. For example, 
in the Knowledge area, T1, T2 and T7 had relatively high canopy 
parameters (larger crown and denser leaves), whereas T8 had the 
lowest. Therefore, their CVI values were 6.7, 24, 5.4, and 0.1 respec-
tively (Table 3). All trees also varied in species, such as Camphor (T3, 
T4, and T14), Cedar (T5 and T6), and Melaleuca (T7). 

Fig. 4. An indicative illustration of the three indices.  
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2.3. Field measurement 

This study aimed to explore the cooling effects of trees in relation to 
the shade cast by their crowns, hence, measuring points should be 
within the effective shade. To capture the shade movement, the mea-
surement was carried out at two different ranges under the tree (Fig. 8): 
east in the morning to capture the shade in response to sunrise and west 
in the afternoon to capture the shade in response to sunset. The mea-
surement point was located within 1.5 m from the trunk centre. Its 
location moved slightly regarding daytime shade location changes. 
Also, within this range, the land is mainly covered with soil, which 
avoided changed in the thermal effect resulting from different material 
reflectance. 

The trees in the Knowledge area were measured on three sunny 
days, 20 Dec. (D1), 21 Dec. (D2), and 22 Dec. 2019 (D3), whereas the 
trees in the Health area were measured on three other sunny days, 8 
Jan. (D4), 9 Jan. (D5), and 10 Jan 2020 (D6). Owing to temperature 
fluctuations during the measurement days, the nearest weather station, 
Griffith Weather Station (shown in Fig. 6) was used as the reference. Air 
temperature fluctuations of the station during the measurement period 
(D1-D3) for the Knowledge area and the period (D4-D6) for the Health 
area are shown in Fig. 9. There was no significant temperature differ-
ence between the two measurement periods. 

The daily measurements were divided into two periods, three times 
in the morning (9:00–12:00) and three times in the afternoon 
(13:00–16:00). There were three instruments simultaneously used in 
the field measurement, therefore, each measurement period was di-
vided into three stages (Table 4); Stage 1 (9:00–9:50 for morning, 
13:00–13:50 for afternoon), Stage 2 (10:00–10:50 for morning, 
14:00–14:50 for afternoon) and Stage 3 (11:00–11:50 for morning, 
15:00–15:50 for afternoon). Hence, within each period, eight trees in 
one field could be measured simultaneously. 

The thermal environment is complexly affected by a wide range of 

factors, such as air temperature, relative humidity and air velocity. Air 
temperature, a directly measured thermal environment parameter, 
cannot accurately reflect all of these factors. To standardise and sim-
plify the evaluation, MRT was considered as the thermal index in this 
study. It is a complex index involving air temperature, air velocity, and 
globe temperature, which is frequently used in thermal environment 
studies (Fang et al., 2019). Generally, MRT represents the uniform 
temperature of the radiant heat transferred to the surface (Lee et al., 
2019a). MRT is usually calculated as follows: 

= < > + + < > < > < > °V
D

MRT ( 273) 1.01X10 ( ) 273 ( C)g g
4

8 0.6

0.4

1/4

(4) 

where θg, V, θ, ε, and D refer to the globe temperature (°C), air velocity 
(m/s), air temperature (°C), emissivity, and diameter of the globe 
thermometer, respectively (Thorsson et al., 2007). 

A Testo 480 (Testo Pty Ltd.) (Testo and Co. KGaA, 2020) was used to 
measure air temperature, air velocity, and globe temperature to cal-
culate MRT. Instrument sensor properties are listed in Table 5. The 
globe thermometer needs a long measurement time, usually more than 
30 min, to ensure the accuracy of the data. To fulfil this requirement, 
each stage of measurement was set to approximately 1 h and the data 
recorded after the 30-min mark was used. The sensors were placed 
about 1 m above the ground. Data were recorded at 10 s time intervals. 

2.4. Statistical analysis 

Multiple linear regression is a popular form of analysis, which is 
commonly used in investigation or prediction, explaining the relation-
ship between a continuous dependent variable and two or more in-
dependent ones. In this study, multiple linear regression was utilised to 
find the relationships between the crown indicators and the thermal 
index MRT. A significance level lower than 0.05 indicates statistical 

Fig. 5. Geographical location of the Gold Coast at the south west of Queensland. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 2 
Climate data of the Gold Coast in recent years (Elders Weather, 2017).                

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec.  

High Max (°C) 38.5 40.5 36.3 33.3 29.4 27.1 28.9 32.4 33 36.8 35.5 39.4 
Low Max (°C) 22.8 22.3 22.2 19.3 17 14.5 15.6 15 16.9 17.5 19.8 20.9 
High Min (°C) 26 27.3 26.2 23.8 21.8 19.1 21.8 19.4 20.7 22.7 24 24.9 
Low Min (°C) 17.2 17.2 13.4 8.9 6.6 3.8 2.5 4.2 7.9 9.4 8.2 14.7 

J. Zhang, et al. Ecological Engineering 158 (2020) 106027

6

Image removed



significance. As the data collected from the 16 trees covered different 
periods of time, the mean MRT (MMRT) field measurements for each 
time point was used in the regression analysis. Before establishing the 
multiple regression models, the Pearson correlation coefficients be-
tween the potential independent variables were tested to prevent 
multicollinearity. Stepwise regression was adopted to establish models 
for predicting MMRT. In the default model, the air temperature was the 
only predictor; tree crown indicators were then added to the default 
model one at a time. If the new model yielded a higher R2 value and the 
change in R2 achieved statistical significance, the added independent 
variable was kept in the model; otherwise, it was excluded from the 
model. The tree crown indicators were all standardised to range from 0 
to 1 before they were used in the statistical models. For instance, the 
maximum of CVI, 24, was modelled as 1 and the other ‘n’ CVI values 
were modelled as ‘n/24’. All statistical analyses were carried out in 
SPSS 25. 

3. Results

3.1. Data description

Figs. 10 to 12 illustrate the fluctuations in the thermal environments 
of all of the measured trees. All trees had considerably different air 
temperature ranges. Among all of the tress, T8 was the warmest in both 
the morning and the afternoon, which is evident from both the air 
temperature (33 °C) and the globe temperature (39 °C). T5, T6, and T11 

were relatively warm, mostly above 30 °C for air temperature and globe 
temperature in the two different areas. In contrast, T4, T2, and T7 in the 
Knowledge area and T10, T13, and T14 in the Health area were cooler. 
Despite being cooler, their air temperatures were above 26 °C, and the 
globe temperatures were above 30 °C. This reflects the fact that all 
measurements were taken on hot days with strong solar radiation. 

The air velocity varied significantly over the course of a day, and 
there was no observable pattern of air velocity variation in either the 
morning or afternoon. Among all the measured time points, T1 ex-
perienced the strongest wind (approximately 7 m/s). 

MRT was calculated from the three original weather variables 
mentioned above and served as the dependent variable in the model.  
Fig. 13 illustrates the distribution of MRT for all trees, showing sig-
nificant variations. Similar to air temperature and globe temperature, 
the MRT at T8 had the highest value, reaching 70 °C, followed by T5 
and T6, for which warm temperatures were recorded in the Knowledge 
area. For the Health area, T16 was the warmest measured time point. 
T4 and T7 were the coolest for the Knowledge area whereas in the 
Health area T14 was coolest. The results are assumed to be associated 
with the crown characteristics of these trees, which is further explored 
statistically in the following sections. 

3.2. Correlation between the crown indicators 

Owing to the fact that the four new indicators (GCI, LLI, CVI, and 
TCI) were developed based on the original existing ones (SVF, LAI etc.) 

Fig. 6. A graphic map of Gold Coast Health and Knowledge Precinct). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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they could be internally correlated, hence, the correlations between 
them were tested. Table 6 lists the Pearson correlation coefficients of 
these indicators. It can be clearly seen that some were significantly 
correlated, especially TCI with CVI and LLI with LAI, as is shown by 
their high correlation coefficients. This could be due to the significant 
correlation between SVF and LAI. In the subsequent model building 
process, indicators with correlation coefficients above 0.8 were re-
moved. 

3.3. Multiple regression analysis 

For a more accurate evaluation, the contribution of tree crown 
characteristics to the thermal environment separate to weather impacts 
were considered. Multiple linear regression was adopted with air tem-
perature (AT) as the default predictor, and each tree crown indicator 
was added in the model one at a time. If the new model improved the fit 
of the model (evidenced by the significant increase in R2 value) and the 

Fig. 7. Locations of the sixteen trees around the fields and their surrounding environments.  

Table 3 
Indicator values of all trees.

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 Mean value  

GCI 1.9 6.3 1.3 2.3 1.5 1.5 3.5 0.4 1.0 2.5 1.2 1.0 1.7 1.7 0.9 0.4 1.8 
LLI 4.2 4.3 4.2 5.4 2.7 2.0 2.2 1.3 3.9 3.6 2.1 2.0 3.9 3.5 6.5 4.0 3.5 
CVI 6.7 24 3.6 9.7 2.2 1.5 5.4 0.1 2.8 7.1 0.5 0.5 4.5 4.5 4.3 0.7 4.9 
TCI 8.1 27 5.3 13 4.0 3.1 7.8 0.5 4.0 9.3 2.5 2.0 6.7 6.0 5.8 1.6 6.7    
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tree crown indicator was a significant predictor of the MMRT and the 
indicator was kept in the model; otherwise, it was excluded. GCI, LLI, 
CVI and TCI, were separately modelled, yielding the following four 
models: 

= + × + × + ×Model 1: MMRT Constant 1 AT 2 GCI 3 LAI

= + × + × + ×Model 2: MMRT Constant 1 AT 2 LLI 3 SVF

= + × + ×Model 3: MMRT Constant 1 AT 2 CVI

= + × + × + ×Model 4: MMRT Constant 1 AT 2 TCI 3 LAI

Models 1 and 2 involved simple indicators. They provided basic 
evaluations of the tree crown characteristics, which were used for 
comparison. Models 3 and 4 involved sophisticated indicators. 
Comparing the results of Models 3 and 4 with that of Models 1 and 2 
highlights the thermal effects captured by the sophisticated indicators. 

Step 1 of Model 1 (Table 7) presented the effect of the weather 
condition (evaluated by station air temperature) on the thermal en-
vironment (MMRT). The model showed that the air temperature sig-
nificantly predicted MMRT (regression coefficient 0.944, p  <  0.001). 
The R2 was 0.562, meaning that air temperature accounted for 56.2% of 
the variance in MMRT. GCI, one of the tree crown indicators, was added 

to the model in Step 2, which resulted in an R2 change of 0.136, sig-
nificant at p  <  0.01. The regression coefficient of GCI (0.783) was 
highly significant (p  <  0.01), meaning that GCI also had a significant 
impact on MMRT apart from the air temperature. In Step 3, LAI was 
added to the model, causing a further increase in R2 (0.081), significant 
at p  <  0.01, meaning that, apart from the air temperature and GCI, LAI 
also had a significant impact on MMRT. Adding GCI and LAI to the 
model helped explain the additional 21.7% of the variance in MRT. The 
final model (Step 3, Table 7) demonstrated that each increment of GCI 
of 0.1 resulted in an MMRT decrease of 0.73 °C if the air temperature 
and LAI were held fixed. 

Model 2 (Table 8) focused on LLI. AT was introduced in Step 1, 
followed by LLI. SVF was used as the final independent variable, as it 
was not significantly correlated with LLI (Table 6). LLI caused an R2 

change of 0.048, which was insignificant (p  >  0.05). That is to say, LLI 
had little thermal effect. Its effect was even less significant than SVF (R2 

change of 0.090, significant at p  <  0.05). 
Owing to the fact that SVF and LAI both have significant correla-

tions with CVI, they were exempted from the model (Tables 6 and 9). 
Hence Model 3 only included CVI and air temperature. Step 1 in Model 
3 showed that air temperature significantly predicted MMRT 

Fig. 8. Location of two measurement points under the tree canopy in different periods of the day.  

Fig. 9. Comparison of air temperature ranges of all measurement days.  
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(regression coefficient 0.944, p  <  0.001), which was same as was seen 
in Model 1. CVI was added in Step 2, which resulted in a change in R2 of 
0.176, significant at p  <  0.01. The regression coefficient of CVI 
(−6.67) had a high significance (p  <  0.01), indicating that CVI had a 
significant impact on MMRT, separate to air temperature. Step 2 of 
Model 3 showed that increasing CVI by 0.1 causes a decrease in MMRT 
of 0.67 °C if the air temperature was considered fixed. 

Separately to the originally significant air temperature, adding TCI 
resulted in an R2 change of 0.187, significant at p  <  0.01 (Table 10). 
The highly significant regression coefficient of TCI (−8.326, p  <  0.01) 
showed that each 0.1 of TCI increase caused a 0.83 °C decrease in 
MMRT if the air temperature remained the same. Adding LAI in Step 3 
did not result in any improvement in R2 value; thus, LAI was removed 
from the model. 

The regression models demonstrated that the three new proposed 
indicators (GCI, CVI, and TCI) had significant thermal effects. The in-
dicators composed of the additional crown parameters had larger im-
pacts on the thermal environment, as indicated by the larger increases 
in R2 values. This showed that all tree characteristic variables were 
correlated with the thermal environment. The sophisticated indicators 
(CVI and TCI) expressed more significant effects than the simple ones 
(GCI and LLI). TCI was confirmed to be the most influential indicator of 
the thermal environment, as evidenced by the highest R2 increase 
among the three indicators. 

4. Discussion

A tree's cooling effect on the urban thermal environment has been
broadly investigated (Armson et al., 2012; Lin et al., 2010; Zhao et al., 
2017), with the effects varying by size, scale, cover, etc. This in-
vestigation went a step further by exploring some detailed components 
of trees, and the cooling effect these have on the outdoor thermal en-
vironment. 

The results indicated that a tree with a higher CVI or TCI has a 
better cooling effect in hot weather. Increasing the values of these in-
dicators might reduce MRT by up to 8 °C (Table 10) in a hot summer 
day, which can be achieved with a larger crown diameter, lower branch 
position height, and/or higher leaf density (Speak et al., 2020). Speci-
fically, a 10% increase in CVI and TCI can decrease MRT by approxi-
mately 0.67 °C, and 0.80 °C, respectively, if the other variables are 
fixed. Their effects were more significant than GCI and LLI for lower p- 
values. GCI and LLI were not the sole factors affecting a tree's canopy 
degree, its leaf density was also a key factor. Denser distribution and/or 
more layer of canopy leaves generates more effective (solid) shade. 
Hence, the LAI was used to transform GCI by multiplying LAI with CVI, 
while the LLI was used to transform GCI by multiplying to LLI with TCI. 
The results showed that CVI and TCI have significant correlations with 
the outdoor thermal environment. 

Vegetation cover has been confirmed to be negatively correlated 
with temperature (Zhang et al., 2019a), whereas the crown diameter 

Table 4 
Time setting of all trees during the measurement days from 1 to 6.            

Day1/4 Day2/5 Day3/6   

Morning (9:00–12:00) Afternoon (13:00–16:00) Morning (9:00–12:00) Afternoon (13:00–16:00) Morning (9:00–12:00) Afternoon (13:00–16:00)  

T1/9 Stage 1       
Stage 2       
Stage 3       

T2/10 Stage 1       
Stage 2       
Stage 3       

T3/11 Stage 1       
Stage 2       
Stage 3       

T4/12 Stage 1       
Stage 2       
Stage 3       

T5/13 Stage 1       
Stage 2       
Stage 3       

T6/14 Stage 1       
Stage 2       
Stage 3       

T7/15 Stage 1       
Stage 2       
Stage 3       

T8/16 Stage 1       
Stage 2       
Stage 3       

Table 5 
Detailed components and functions of the instrument.      

Sensors Measurement range Accuracy Resolution  

Air temperature sensor −100 to 400 °C ± 0.3 °C 0.01 °C 
Globe temperature sensor 0 to +120 °C ± (0.3 + 0.1% measurement value) 0.1 °C 
Air velocity sensor 0 to 20 m/s ± 0.3 m/s 0.01 m/s    
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can be used to indicate the degree of cover. Generally, trees with 
broader crown diameters might have more extensive canopy ratios. A 
larger crown diameter means higher cover geometrically. Additionally, 
the distance from the leaves also affects the cooling effect, a location 
closer to the leaves causes a better cooling effect (Yan et al., 2018). A 
lower trunk height means that the crown is closer to the ground, 
causing a higher cooling intensity. Hence the ratio of TCD to TTH (GCI) 
could represent a significant cooling effect. 

Nevertheless, the crown diameter and trunk height take into ac-
count only some aspects (geometry) of the many crown parameters, so 
these can only partially reflect a tree's thermal effects. The crown vo-
lume index and total canopy index cover many characteristics, such as 
leaf density, that have been found to have a more significant effect on 
cooling. In this study, CVI, indicating crown volume, and TCI, in-
dicating canopy cover and level, were found to have a more significant 
cooling effects than GCI and LLI. GCI just considers the horizontal 
crown size, while LLI only considers the leaf quantity vertically. They 
neglected some other crown characteristics (e.g. leaf porosity). 
Comparably, CVI incorporates the crown size, leaf density, and leaf 
space, which considers the crown at a three-dimensional scale. 
Meanwhile, TCI incorporates the crown size and leaf layers, which is 

also a three-dimensional measurement. Therefore, CVI and TCI can 
indicate a tree's crown characteristics more comprehensively. The re-
gression analysis also revealed that adding TCI into the model helped 
explain an additional 18.7% of the variance in MMRT, separate to the 
temperature effect, which is higher than that from adding LLI (9%), GCI 
(13.6%), and CVI (17.6%). 

The cooling effects of the sophisticated indicators (CVI and TCI) 
were more thermally significant than the simple ones (GCI and LLI). 
This may be due to the difference in their complexity. CVI and TCI 
contain more parameters than GCI and LLI, these parameters might 
contain thermally relevant information. That is to say, indicators in-
volving more parameters were more thermally significant. In biology, a 
larger crown (indicated by higher CVI or TCI) bears more leaves, which 
increases the efficiency of the plant's biological processes, such as 
photosynthesis (Bard and Fox, 1995) and transpiration (Pruppacher and 
Klett, 2010). Relatively, sparse crowns had reduced cooling surfaces 
due to their lower transpiration efficiency (Moser-Reischl et al., 2019). 
The importance of these biological effects has been shown by the fact 
that trees show less efficient cooling over lawns than over asphalt 
(Rahman et al., 2019). 

This study is not without limitations. Apart from tree physical 

Fig. 10. Box-whisker plots of air temperature of all measured trees.  

Fig. 11. Box-whisker plots of globe temperature of all measured trees.  
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characteristics, other parameters that might be thermally effective were 
ignored, such as species, which does cause variation in tree character-
istics (e.g. crown shape and biological vitality). The different calcula-
tion methods of the two new sophisticated indicators may result in 
different characteristics and consequently different cooling effects, 
which are indicated in the regression models. But this difference is not 
well explained due to the small sample size. More trees should be in-
volved in future studies to validate these indicators and their calcula-
tions. Furthermore, the study involved individual trees while the reality 
is that trees are usually planted in groups. The indicators proposed for 
individual trees may miss the cooling effect from the trees nearby. 
Therefore, the indicators need to be used carefully to study and explain 
trees' cooling effects considering the surroundings. 

5. Conclusion

This study investigated the effect of tree crown characteristics on
the outdoor thermal environment in a subtropical city of Australia. This 
study focused on various crown characteristics, including geometry and 
porosity. Such detailed analyses of outdoor thermal environments have 
rarely been conducted. 

Specifically, this study decomposed a tree's crown characteristics 
into four indicators, gross canopy index (GCI), leaf layer index (LLI), 
crown volume index (CVI), and total canopy index (TCI). CVI and TCI 

were sophisticated indicators, which had significant thermal effects. 
The findings are summarised as follows: increasing the values of CVI 
and TCI by 10% can significantly reduce MRT by 0.67 °C and 0.80 °C, 
respectively, under a certain outdoor air temperature values. Their ef-
fects were more significant than that of the two simple indicators, GCI 
and LLI. Among the four indicators, TCI was found to be the best pre-
dictor of a tree's cooling effect, as indicated by the highest proportion of 
MMRT variance; theoretically speaking, it also involves a couple of 
important crown characteristics that are related to the range of shade 
and the leaf layers. 

This study has confirmed that a tree's crown characteristics have 
significant effects on the thermal environment. Trees with wider crowns 
and higher leaf quantities, represented by a larger and/or denser crown, 
create optimal thermal environments in summer. The proposed crown 
indicators and related results provide a rationale for landscape design 
and plantation selection to improve outdoor thermal environments in 
tropical and subtropical cities. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.   

Fig. 12. Box-whisker plots of air velocity of all measured trees.  

Fig. 13. Box-whisker plots of mean radiant temperature of all measured trees.  
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Table 6 
Internal correlation among all indicators.           

SVF LAI GCI LLI CVI TCI  

SVF Pearson Correlation 1 −0.865⁎⁎ −0.559⁎⁎ −0.687** −0.859⁎⁎ −0.809⁎⁎ 

Sig. (2-tailed)  0.000 0.001 0.000 0.000 0.000 
LAI Pearson Correlation −0.865⁎⁎ 1 0.262 0.947** 0.785⁎⁎ 0.739⁎⁎ 

Sig. (2-tailed) 0.000 0.148 0.000 0.000 0.000 
GCI Pearson Correlation −0.559⁎⁎ 0.262 1 0.045 0.723⁎⁎ 0.774⁎⁎ 

Sig. (2-tailed) 0.001 0.148  0.808 0.000 0.000 
LLI Pearson Correlation −0.687⁎⁎ 0.947⁎⁎ 0.045 1 0.611⁎⁎ 0.578⁎⁎ 

Sig. (2-tailed) 0.000 0.000 0.808  0.000 0.001 
CVI Pearson Correlation −0.859⁎⁎ 0.785⁎⁎ 0.723⁎⁎ 0.611** 1 0.987⁎⁎ 

Sig. (2-tailed) 0.000 0.000 0.000 0.000  0.000 
TCI Pearson Correlation −0.809⁎⁎ 0.739⁎⁎ 0.774⁎⁎ 0.578** 0.987⁎⁎ 1 

Sig. (2-tailed) 0.000 0.000 0.000 0.001 0.000  

**. Correlation is significant at the 0.01 level (2-tailed).  

Table 7 
Regression results for Model 1 (for GCI).          

Model 1  Variable Coefficients β Variable p-values ANOVA p-values R2 R2 Change Sig. F Change  

Step 1 (Constant) 7.945 0.113 0.000 0.562 0.562 0.000 
AT 0.944 0.000  

Step 2 (Constant) 21.370 0.001 0.000 0.698 0.136 0.001 
AT 0.631 0.000  
GCI −7.837 0.001  

Step 3 (Constant) 26.346 0.000 0.000 0.779 0.081 0.003 
AT 0.530 0.001  
GCI −7.227 0.001  
LAI −0.880 0.003  

Table 8 
Regression results for Model 2 (for LLI).          

Model 2 Variable Coefficients β Variable p-values ANOVA p-values R2 R2 Change Sig. F Change  

Step 1 (Constant) 7.945 0.113 0.000 0.562 0.562 0.000 
AT 0.944 0.000 

Step 2 (Constant) 12.396 0.024 0.000 0.611 0.048 0.068 
AT 0.877 0.000 
LLI −0.664 0.068 

Step 3 (Constant) 11.571 0.019 0.000 0.701 0.090 0.007 
AT 0.708 0.000 
LLI 0.153 0.718 
SVF 8.516 0.007 

Table 9 
Regression results for Model 3 (for CVI).          

Model 3  Variable Coefficients β Variable p-values ANOVA p-values R2 R2 Change Sig. F Change  

Step1 (Constant) 7.945 0.113 0.000 0.562 0.562 0.000 
AT 0.944 0.000  

Step 2 (Constant) 21.289 0.000 0.000 0.738 0.176 0.000 
AT 0.609 0.000  
CVI −6.672 0.000  

Table 10 
Regression results for Model 4.          

Model 4  Variable Coefficients β Variable p-values ANOVA p-values R2 R2 Change Sig. F Change  

Step 1 (Constant) 7.945 0.113 0.000 0.562 0.562 0.000 
AT 0.944 0.000 

Step 2 (Constant) 24.067 0.000 0.000 0.749 0.187 0.000 
AT 0.551 0.001 
TCI −8.326 0.000 

Step 3 (Constant) 23.924 0.000 0.000 0.749 0.000 0.853 
AT 0.557 0.001 
TCI −7.978 0.005 
LAI −0.078 0.853 
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Appendix A. Appendix 

Fig. 14. Illustrations of the tree component parameters. d. The five light lines and the angles for LAI calculation; e. Division of tree crown range into two zones for 
more exact calculations (d and e were mainly used in the Appendix). 

Calculation of LLI is complex. Simply, it is the ratio of LAI to TVF, in which the values of the two variables can be acquired from WinSCANOPY. 
Nevertheless, there is still much work that is not clearly provided, which is rectified here. 

In LAI Log 2000, there are several parameters used, i.e. path length (Lth, the light length through crown), gap fraction (GFr, the gap ratio on each 
Lth), and leaf orientation distribution. Here, all the steps of the process are shown. LLI was used as the medium connecting LAI and the original 
parameters. Leaf layer (L) refers to the layer quantity of the leaf on each line in Fig. 1d. It is calculated by Eq. (5), 

= ×
×

L Lth (1–GFr)
T sin (5) 

where Lth is the path length of the line; GFr is the gap fraction of the line; T is the thickness of an adult leaf; and θ is the mean leaf angle from a 
vertical line, which can be acquired through the leaf angle distribution in WinSCANOPY. 

Furthermore, LLI can be calculated by Eqs. (6.1) to (6.3), 

=
L

LLI
( )

n

n
1

(6.1)  

= × +L a ln( ) bn n (6.2)  

=
+ + +

+
LLI

[a1 ln( n1) b1] [a2 ln( n2) b2]
n1 n2

0
n1

0
n1

0
n2

0
n2

(6.3) 

where Ln refers to the layer quantity on each line and θn is the angle of the line angle from the vertical direction (Fig. 1d). Eq. (6.1) shows the general 
calculation of LLI, which is the mean value of L over all angles. Eq. (6.2) shows the relationship between L and θ, which is from logarithmic 
regression. L1 to L5 and θ1 to θ5 represent the acquired data of the leaf layer and angles, which met a certain equation relationship. Eq. (6.2) is the 
equation predicting the L values of rest angles. Eq. (6.3) is the combination of (6.1) and (6.2). Owing to the fact that all photographs were not taken 
at the central point of the tree crown, the left and right sides would have different angles to consider for the layer quantity correlation; hence, they 
are separated into Zone 1 and Zone 2 for independent regression (Fig. 1e). For a total evaluation of the TVF and LAI of the selected tree, the fisheye 
photographs were all taken at the ground position next to the tree trunk. 

In WinSCANOPY, LAI values were acquired directly, avoiding the evaluation process of LLI and TVF. As LAI is positively correlated to LLI and 
TVF, their interactive relationship can be composed through Eq. (7), 

= × × = × ×
L

LAI a LLI TVF a TVF
( )

n

n
1

(7) 

where ‘a’ refers to the coefficient, which covers the constant and some other factors. Owing to the fact that the values of LAI and TVF can be acquired 
from WinSCANOPY, to simplify the calculation, LLI is calculated through Eq. (8), 

= ×LLI LAI
TVF

a (8)  

For some roughly simplified calculation, coefficient ‘a’ could be rounded to one; thus, the LLI is defined as Eq. (9), 

=LLI LAI
TVF (9)   
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The tree cooling pond effect and its influential factors: A pilot study in a 
subtropical city, Australia  

Abstract 

The cooling effects of trees were investigated at various points around their canopied grounds. This 

study aimed to find out the temperature distribution pattern, also called the tree cooling pond effect 

(TCP), around the sites under individual tree canopies. Field measurements were conducted in Gold 

Coast of Australia.  Four points under the canopies of various individual trees were climatically 

measured. These four points were in line with the direction of tree shade (A, next to the trunk; B, 

midpoint between A & C; C, margin of the shade; and D, 1 from C and in the sunshine). It was found 

that mean radiant temperature (MRT) increased slightly when moving from A to C, with a sharp 

increase between C and D.  The increase intensity (MRT difference between A and any rest point) was 

affected by physical characteristics of the trees, especially crown size (diameter). Through linear 

regression, it was found that MRT was polynomially correlated with distance from the trunk, tree height, 

crown diameter, etc. For a tree with a diameter of 16.6 m, the MRT at D was higher than A by 18 °C; 

this indicates that trees had little cooling effects on the shade-off  area (in the sunshine) despite 

neighbouring. This study represents an initial effort to virsually illustrate tree cooling through 

identifying several critical points to delineate the pond, which has rarely been considered in previous 

studies.  



Graphical abstract.  Illustration of TCP. 

Keywords: tree cooling effect; tree cooling pond; tree canopy; crown diameter; outdoor thermal 

environment 

Highlights: 

Temperature increased gradually when moving horiztonally away from the trunk along the shade 

direction; 

The increase intensity was affected by physical characteristics of the trees, especially crown diameter; 

MRT of Point A was lower than that of the Point D (shade-off site) by 18 °C for a tree with a TCD of 

16.6 m. 

1. Introduction

Outdoor spaces are warmer than indoor ones during warm weather (Morakinyo, Dahanayake et al. 

2016). This is because of their lack of equipment or shelters for thermal adjustment (Höppe 2002). 



People therefore rarely actively visit them. This phenomenon caused some urban issues, including high 

energy load (Lai, Guo et al. 2014), health condition degradation (Qiu, Yang et al. 2019), and city vitality 

decrease (Woolley 2003). To change this, scholars have explored various ways for improving the 

outdoor thermal environment (OTE). They found that sites well canopied by trees prompt a larger 

number of people to visit (Lin, Tsai et al. 2012).   

Trees are frequently studied due to their significant cooling effects compared with other vegetation 

species (i.e. shrubs and grasses) (Zheng, Zhao et al. 2016). Generally, a fields’ tree cover increase could 

considerably reduce temperatures (Darvish, Eghbali et al. 2021). Further, considering the complexity 

of their thermal performances, trees are generally studied according to scientific parameters that are 

used as tree indicators evaluating their characteristics, such as size, geometry, and leaf density. Sizes 

include that for both horizontal and vertical directions. Horizontal sizes are defined as the diameter 

(Kong, Lau et al. 2017), width (Decuyper, Chávez et al. 2020), or length (Altunkasa and Uslu 2020). 

Factually, they have the same meaning as they affect the canopying extension of trees. Vertical sizes 

evaluate several components, including the height of the whole tree (Morakinyo, Kong et al. 2017), the 

trunk (Altunkasa and Uslu 2020), and the crown (Kong, Lau et al. 2017). Geometries also include the 

whole tree and each component, such as the crown (Milošević, Bajšanski et al. 2017) and leaf (de 

Abreu-Harbich, Labaki et al. 2015). Leaf density or quantity are usually evaluated by the leaf area index 

(Meili, Acero et al. 2021) and leaf area density (Mballo, Herpin et al. 2021).     

These parameters were found to be significantly correlated with the cooling effects of trees.  Trees of 

wider sizes were more cooling effective for larger shady areas created (Teshnehdel, Akbari et al. 2020). 

Tree traits being such as leaf and crown features (colour, shape, thickness, leaf area index (LAI), etc.) 

are significantly correlated to thermal performances, for they might affect the efficiency of biological 

processes (Rahman, Stratopoulos et al. 2020). A similar study conducted by Speak, Montagnani et al. 

(2020) also proved LAI and gap fraction to be traits correlating with tree cooling. Some studies also 

revealed that some tree species, for example, Ficus macrocarpa (Zheng, Guldmann et al. 2018) and 

Metasequoia (Elsadek, Liu et al. 2019), had higher cooling intensities than others such as Mangifera 

indica and Sakura. Meanwhile, cooling effects of trees were found at various locations under their 



canopies. Temperatures at the trunk (Rahman, Hartmann et al. 2020), growing sites (Rahman, 

Stratopoulos et al. 2020), and crown shade (de Abreu-Harbich, Labaki et al. 2015) were measured lower 

than that at the open-sunshine areas. Researchers usually used one among them to study the cooling 

performances of sample trees. 

Previous studies have confirmed cooling effects of trees and differed them in various aspects. These 

findings were optimistic for future urban constructions and management on the aspect of improving 

thermal environment. However, their limitations should not be ignored. In tree cooling studies, most 

studies selected one point under the canopy to investigate. The point is vaguely identified in the shadow 

or under the canopy to compare with the shade-off ones. They thought the selected point is fully 

representative as the sample’s thermal effect is cool (de Abreu-Harbich, Labaki et al. 2015, Rahman, 

Hartmann et al. 2020, Rahman, Stratopoulos et al. 2020). Temperature distribution around the canopy 

was rarely explored. This limitation might cause data error due to many cool points under one tree’s 

canopy selectable. There might be temperature difference among these points.  

This study aimed to find the temperature distribution around the grounds under the canopies of 

individual trees. It hypothesised that temperature increases when horizontally moving away from the 

trunk. The increase intensity is statistically correlated to the distance from the centre of canopied ground 

(next to the trunk, Fig. 1). This would mean that several points (A, B, C, and D) with different distances 

from the trunk under a tree crown present different temperatures. This hypothesis was called tree 

cooling pond effect (TCP). The word “pond” illustrated the process of temperature change, which 

means a visual description of cooling effect of trees. To prove it, a field survey was conducted at 

different locations around the shades of various sample trees. The project was processed through the 

following steps: 

1) Selecting a variety of individual trees around a subtropical city (with thermal stressful summers) as

field measurement’s samples; 

2) Defining several points under the samples’ canopies that could represent trees’ cooling performances;

3) Comparing temperatures among the points and deducing their varying variables;



4) Associating each sample’s temperature difference with thermal affecting factors to deduce its

quantitative fluctuation variables. 

 Fig. 1.  Hypothesis and study outdline. 

2. Methodology

2.1 TCP hypothesis and its proving process 

This study proposed a new idea, the tree cooling pond effect (TCP), which is named similarly to the 

urban heat island (UHI, city temperature rises shaping as an island) (Kim 1992): moving closer to the 

trunk, the temperature falls forming a pond (Fig. 2). To prove this, four thermal measuring instruments 

were used. They were placed around the crown canopied ground at different distances from the trunk 

(DFT), and, regarding daily shade direction, three were in the shade and one was outside. Temperatures 

might fall due to the decrease of DFT, which is illustrated in Fig. 3a. Nevertheless, trees stand in 3-D 

spaces, therefore the temperature fall should take place in any direction of the DFT reduction. To prove 

this hypothesis a substantial amount of work is needed. This study involved one aspect of it, which is 

the direction regarding daily periodic shades (Fig. 3b, c, and d) of measurement location (south 

hemisphere). The instruments for the temperature measurement were placed at the west, south, and east, 

in the morning, noon, and afternoon, respectively. The evening measurement could be conducted in any 



direction as no shade was visible, but, for completeness, the north side was selected being the one never 

engaged during the daytime.  

Fig. 2. The comparison between UHI (Cool Parramatta 2018) & TCP. 
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Fig. 3. Hypothesised temperature changes towards point varying in canopied spaces. 

2.2 Field measurement 

Tree cooling mostly occurs in canopied spaces (Kong, Yan et al. 2016). Most studies investigated this 

aspect by comparing the temperatures between shaded and open sites (de Abreu-Harbich, Labaki et al. 

2015). This study conducted a more complex exploration, which is achieved through microclimatic 

measurement at various locations around tree-canopied sites. There were a total of four sets of 

instruments used to conduct the measurement, defined as A, B, C, and D according to their locations. 

Their exact locations concerning the shade are illustrated in Fig. 4, three (Sets A to C) sets were in the 

shade and one in the sunshine (1-m away from the shade margin, Set D). Sets A was next to the trunk 

centre, representing the microclimate of the sample tree-canopied sites. The rest (Sets B, C, and D) were 

used for microclimatic comparison. TCP intensity (TCPI) was proposed as an indicator of TCP levels. 

It referred to the temperature differences between Set A and any other set and was calculated as the 



temperature of any of the sets minus that of Set A. Therefore, three TPCI values were acquired, TPCIAB, 

TPCIAC, and TPCIAD, which might be different. Locations of the three measuring instruments were 

defined by their distances from Set A. The distance between A and C was defined as D (DAC), which 

was calculated through several parameters, including tree crown size (diameter, TCD), tree height (H), 

and sunlight angle (θ) (Fig. 4). The formula to calculate DAC is expressed in Equation (1.1). 

DAC =
TCD

2
+ H × tanθ (1.1)

DAB =
TCD

4
+

H×tanθ

2
= 1

2
 × DAC (1.2) 

DAD =
TCD

2
+ H × tanθ + 1 = DAC + 1 (1.3)

The distances between A and B (DAB) and between A and D (DAD) were calculated by Equation (1.2)  

and Equation (1.3). Hence DAB and DAD were half DAC and DAC plus 1 (D+1), respectively. 

Geometrically, as to any single tree, openness reduced from A to D. Among the four points under the 

same tree, A was the most canopied (shadiest), while D was the most open one.  

Fig. 4. Location of the four instruments and their influential elements. 



This method was also used in some UHI studies. Researchers defined multiple referencing points with 

different distances from the city centre (Qiao, Wu et al. 2019). They found that temperatures decreased 

parabolically when moving away from the city (Li, Zhou et al. 2018). Hence UHI level was confirmed 

rising for measurement farther from urban areas. They also found that the amplitude of temperature 

variations was influenced by city sizes. The phenomenon of UHI varying depending on the distance 

from the city was called UHI footprint (Zhou, Zhao et al. 2015).  

The field measurement was conducted at Gold Coast Health and Knowledge Precinct (GCHKP, Fig. 5), 

which is a city symbol with various social functions. GCHKP is generally formed by two parts, the 

campus and the hospital, which is isolated by a tram railway. GCHKP was selected for its high 

population density and presence of public spaces. There were 16 single trees (defined as T1 to T16) 

standing within the field selected for site measuring. They vary for several characteristics, such as crown 

sizes and leaf density, which helps explore TCP’s affecting factors. Their exact locations and 

surrounding environments are illustrated in Fig. 6.  



Fig. 5. Location of GCHKP (Lane 2020). 
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Fig. 6. Location of  all sample trees and their surrounding environments. 

2.3 Thermal index 

UHI refers to the temperature difference between urban and its surrounding suburban areas, which could 

be indicated by air temperature or land surface (LST). Thermal comfort is one aspect affected by UHI 

but involves also other aspects and is therefore slightly different from UHI. Thermal comfort is a 

complex feeling affected by a variety of factors (Fanger 1984), especially climatic parameters, i.e. air 

temperature (AT), air velocity (AV), relative humidity (RH), and solar radiation (globe temperature, 

Image removed



GT). For a comprehensive evaluation, several complex indices were proposed to represent thermal 

comfort, such as mean radiant temperature (MRT) (Tan, Wong et al. 2013), operative temperature (OT) 

(Li, Yao et al. 2014), standard effective temperature (SET) (Gagge 1973), and physiological equivalent 

temperature (PET) (Höppe 1999). Each complex index contains several parameters, e.g. MRT is 

calculated from AT, AV, and GT. Different indices have different applications, for instance, MRT and 

OT suit outdoor and indoor environments, respectively. This study selected MRT indicating thermal 

environment, which is frequently used in thermal comfort studies. Its values are calculated through 

Equation (2): 

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

𝜀𝐷0.4 (< 𝜃𝑔 > −< 𝜃 >)]  1/4 − 273.15 (°C) (2)

Where θg, V, θ, ε, and D refer to the GT (°C), AV (m/s), AT (°C), emissivity (0.95), and the diameter 

of the globe thermometer (0.15 m), respectively (Thorsson, Lindberg et al. 2007).  

This study aimed to find the ∆T among different points in the same pieces of canopied lands, which is 

defined as ∆MRT. TCPI for each point (TPCIAB, TPCIAC, and TPCIAD) was defined as ∆MRT B, ∆MRT 

C, and ∆MRT D. ∆MRT B = MRTB − MRTA, the same as the rest. 

2.4 Physical factors affecting microclimate 

UHI varies in different cities as a result of the urban characteristic variation. Similarly, TCPI also might 

vary in correlation to the trees present in different sites’ environments. Tree characteristics would be 

one of the factors affecting TCPI. To test this, several sample trees with different characteristics were 

selected for microclimatic data collection. The thermal environment is a complex phenomenon affected 

by a variety of factors. Trees were confirmed to be capable of effectively adjust the microclimate. Their 

cooling effects vary according to the tree (crown) characteristics. Tree crown diameter (TCD) (Zhang 

and Gou 2020) might be one key factor for tree cooling capability as it directly defines canopying size. 

Increasing the diameter by 1 m can reduce PET by 0.5 °C (Wang, Guo et al. 2021).  Leaf density is 

another important factor. Denser leaves yield more solid shade, which is more effective in cooling the 

space. Leaf area index (LAI) (Zhang and Gou 2020) was selected as the indicator of leaf density for 

this study. MRT was observed to reduce from 40 °C to 33 °C when LAI increased from 0.5 to 2.5 (Guo, 



Cheng et al. 2020). In addition, site openness (Xu, Hong et al. 2019)  and land surface albedo have an 

effect. PET at a compact site (SVF = 0.255) was lower than the open site by 4.3 °C (SVF = 0.611) (He, 

Miao et al. 2015); urban areas were cooler by 0.3 °C due to the use of light-coloured (reflective) roofs 

(Campra, Garcia et al. 2008). Tree characteristics and site physical factors were found to be thermally 

effective. They were analysed as independent variables in the first stage of this study. 

2.5 Analytical framework 
The deduction of the pond shape was processed in two steps. They were primary analysis and further 

analysis. The primary analysis found the significant variables that affect TCPI (∆MRT), found through 

Pearson correlation; further analysis deduced the equation that quantitatively expresses the relationship 

between TCPI and its influential variables, implemented through linear regression. Pearson correlation 

expresses the relationship between two numerical variables through coefficients and significance  

(Boslaugh, Sarah et al. 2008) yet could contain several variables (SPSS-TUTORIALS 2018). All  the 

mentioned variables in the last section were associated with TCPI values using the Pearson correlation. 

Variables with a significance value less than 0.05 are significantly correlated; these were kept for further 

analysis. Insignificant variables were excluded from further processes. TCP hypothesised that 

temperature increases when moving away from the trunk and this relationship may be linearly 

correelated. TCP shape deduction was then implemented through multiple linear regression (MLR) 

(Statistics Solutions 2018). The MLR models only contained factors significantly correlating with 

∆MRTs and showed their quantitative correlation through equations.     

3. Results

3.1 General data descriptions 

Microclimate differences were indicated as ∆MRT. The ∆MRTs evaluating the four points for various 

daily periods are illustrated in Fig. 7. The ∆MRT of each point was calculated as the difference in MRT 

between Point A and any of the rest (Point B, C, or D), hence ∆MRT at Point A was 0. It can be 

appreciated that the ∆MRT increases gradually due to moving away from the trunk and it slowly 

augments within the shade. The ∆MRT between A and B was relatively low, maximum 5°C  for every 



period of the day. Point C was warmer than point B with a difference ranging from 0 to 5°C, while 

sharp ascents were observed between Points C and D. Point D was warmer than Point C by nearly 10°C. 

Point D was located in the sunshine, which means that solar radiation caused proportional heat stress. 

A different situation emerged after the sun fall, as little temperature variations occurred among the four 

points during the evening (nearly 0). Due to the insignificant night temperature difference, full-day 

mean ∆MRT was lower than that at any daytime period, while in contrast, TCP was relatively significant 

during the daytime. A hypothesised full-day pond change regarding shade positions is illustrated in Fig. 

8.   

Fig. 7. ∆MRT ranges at four points for different periods. 



Fig. 8. ∆MRT varying regarding locations for the four daily periods. 

Average ∆MRTs for each period at four points of all samples are shown in Figs. 9 to 12. They generally 

showed increase trends when locating farther from the trunk, although not for all samples. A few of 

them were even cooler at Points B and C, such as for Tree 10. Despite this observation, Point D was 

anyway the warmest in all samples.     



Fig. 9. Average ∆MRT comparison for four Trees 1 to 4. 

Fig. 10.  Average ∆MRT comparison for Trees 5 to 8. 



Fig. 11.  Average ∆MRT comparison for Trees 9 to 12. 

Fig. 12.  Average ∆MRT comparison for Trees 13 to 16. 



3.2 Pearson correlation 

All physical variables were associated with ∆MRTs through Pearson correlation, shown in Table 1. As 

expected, among physical factors, TCD was the most significant one and its significance values were 

lower than 0.05 at either measured point. In contrast, other variables, such as albedo, were insignificant. 

The insignificant variables were excluded from further steps for the pond’s quantitative shape deduction. 

Table 1. Pearson correlation results among all variables. 

 Correlations TCD Albedo SVF LAI ∆MRT B ∆MRT C ∆MRT D 
TCD Pearson Correlation 1 -0.162 -0.304 0.133 0.501* 0.548* 0.823** 

Sig. (2-tailed) 0.549 0.252 0.625 0.048 0.028 0.000 
 Albedo Pearson Correlation -0.162 1 -0.345 0.310 -0.431 0.057 -0.013

Sig. (2-tailed) 0.549 0.191 0.243 0.096 0.833 0.963 
 SVF Pearson Correlation -0.304 -0.345 1 -0.893** -0.052 -0.273 -0.232

Sig. (2-tailed) 0.252 0.191 0.000 0.849 0.306 0.387 
 LAI Pearson Correlation  0.133 0.310 -0.893** 1 0.020 0.045 0.064 

Sig. (2-tailed) 0.625 0.243 0.000 0.942 0.868 0.814 
*. Correlation is significant at the 0.05 level (2-tailed). 
**. Correlation is significant at the 0.01 level (2-tailed). 

3.3 TCP shape deduction 

Physical and thermal data of all samples are listed in Table 2. Fig. 13 was outputted by associating TCD 

with the ∆MRT of each point. This analysis revealed that TCP and ∆MRT are positively correlated. 

Point D had the most significant ∆MRT, demonstrating that temperature variation was more significant 

with the reference locating farther from the trunk.  

Table 2. TCD and ∆MRTs of all measured samples. 

TCD of measured samples (m) ∆MRT B (°C) ∆MRT C (°C) ∆MRT D (°C) 
0.9 -1.75 -1.98 4.94 
1.5 1.26 0.57 8.74 

1.58 0.59 1.77 7.50 
1.68 0.60 1.79 7.57 
1.71 0.64 1.81 7.60 
1.75 1.99 2.22 6.33 



2.16 -0.10 2.41 9.32 
2.2 0.65 1.86 7.87 
2.5 0.72 1.99 8.12 

2.62 1.71 2.11 13.25 
3.2 0.15 2.36 11.12 

4.02 0.92 2.57 8.38 
4.5 0.96 2.54 10.79 

4.56 1.48 3.08 10.92 
5.78 1.62 7.26 15.36 
16.6 2.33 4.28 18.14 

Fig. 13.  Correlation between TCD and ∆MRT for each point. 

For exact deduction, virtual scenes were hypothesised. Ten samples with continuous TCD (2 to 10 m) 

were used. If their TCD is ‘n’, ∆MRT at each point could be deduced as 0.1357n+0.3728 (B), 

0.2728n+1.3133 (C), and 0.758n+7.0323 (D) (Fig. 13). Hence, the four coordinates of the ten samples 

could be defined as A (0, 0), B (DAB, 0.1357×TCD+0.3728), C (DAC, 0.2728×TCD+1.3133 ), and D 

(DAD, 0.758 × TCD + 7.0323). Accordingly calculated ∆MRTs are listed in Table 3. Through linear 

regression, pond shape equations were exported, which shows the correlation between ∆MRT and DFT, 

where y refers to ∆MRT while x refers to DFT. 



Table 3. TCD, ∆MRTs, and pond shape equations of hypothesised trees. 

TCD ∆MRT B (°C) ∆MRT C (°C) ∆MRT D (°C) Correlation between DFT and ∆MRT 
2 0.6442 1.8589 8.5483 y = 2.2994x2 - 0.371x + 0.0695 

R² = 0.9987 
3 0.7799 2.1317 9.3063 y = 1.9997x2 - 1.3963x + 0.1821 

R² = 0.9904 
4 0.9156 2.4045 10.0643 y = 1.6861x2 - 1.89x + 0.2799 

R² = 0.9752 
5 1.0513 2.6773 10.8223 y = 1.4167x2 - 2.1114x + 0.3593 

R² = 0.9557 
6 1.187 2.9501 11.5803 y = 1.1954x2 - 2.1816x + 0.4213 

R² = 0.9344 
7 1.3227 3.2229 12.3383 y = 1.0161x2 - 2.1668x + 0.4687 

R² = 0.9129 
8 1.4584 3.4957 13.0963 y = 0.871x2 - 2.1057x + 0.5044 

R² = 0.8922 
9 1.5941 3.7685 13.8543 y = 0.7532x2 - 2.021x + 0.531 

R² = 0.873 
10 1.7298 4.0413 14.6123 y = 0.657x2 - 1.9259x + 0.5506 

R² = 0.8554 

A common equation indicating TCP shapes of all trees could be deduced according to equations in 

Table 3. The common equation refers to TCP. Parabola equations (y = a*x2 + b*x + c) are defined by 

three coefficients, a, b, and c. Values of coefficients from all equations are listed in Table 4. Plotting 

the coefficients towards certain physical variables (TCD) could generally confirm the parabola 

equations. Every coefficient was associated with TCD independently, as shown in Fig. 14. All three 

coefficients were significantly correlated with TCD, and their R2 values were nearly 1, which is highly 

reliable. The high R2 values in Fig. 14 might result from the method of processing. The TCD of all nine 

trees were idealised with continuous TCD values, and their ∆MRTs at each point were calculated using 

equations.  

Table 4. Coefficients from all equations. 

TCD (m) Correlation between DFT and ∆MRT a b c 

2 y = 2.2994x2 - 0.371x + 0.0695 

R² = 0.9987 

2.994 -0.371 0.0695 

3 y = 1.9997x2 - 1.3963x + 0.1821 1.9997 -1.3963 0.1821 



R² = 0.9904 

4 y = 1.6861x2 - 1.89x + 0.2799 

R² = 0.9752 

1.6861 -1.89 0.2799 

5 y = 1.4167x2 - 2.1114x + 0.3593 

R² = 0.9557 

1.4167 -2.1114 0.3593 

6 y = 1.1954x2 - 2.1816x + 0.4213 

R² = 0.9344 

1.1954 -2.1816 0.4213 

7 y = 1.0161x2 - 2.1668x + 0.4687 

R² = 0.9129 

1.0161 -2.1668 0.4687 

8 y = 0.871x2 - 2.1057x + 0.5044 

R² = 0.8922 

0.871 -2.1057 0.5044 

9 y = 0.7532x2 - 2.021x + 0.531 

R² = 0.873 

0.7532 -2.021 0.531 

10 y = 0.657x2 - 1.9259x + 0.5506 

R² = 0.8554 

0.657 -1.9259 0.5506 



Fig. 14.  Correlation between TCD and parabola coefficients. 

Equations (3) were the output of this analysis and show the correlation between ∆MRT and locations 

as well as tree size. ∆MRT had a polynomial correlation with the tree’s dimensions and DFT. 

∆MRT = (0.0177TCD2 - 0.4177 TCD + 3.0739) × DFT2 +(-0.0119 TCD 3 + 0.2786 TCD 2 - 2.0646 

TCD + 2.6916) × DFT + 0.0003 TCD 3 - 0.0129 TCD 2 + 0.1738 TCD - 0.2304 (3.1) 

DFTmax (DAD) = TCD

2
+ H × tanθ + 1 (3.2)

Where H and θ refer to tree height and sunlight angle, respectively. 

This analysis has quantitatively deduced the common shape of TCP. For a visual representation, the 

shapes of the four daily periods for all samples’ mean values were illustrated in a 3-D model in Fig.15. 

Fig. 15 illustrates the full day pond change found in this study; daytime shows a very deep pond 

orientated to the west, south, and east, while the evening showed insignificant pond depth.   



Fig. 15. ∆MRTs of four daily periods in a 3-D space 

4. Discussion

This study has explored the phenomenon of TCP and deduced its footprint. Tree cooling intensities and 

their quantitative varying variables were found. Temperatures varied according to locations and 

significant variation occurred changing the distance from the trunk. A considerable temperature cliff 

was witnessed with the disappearance of shade. Significant temperature differences emerged during the 

daytime while little differences were found in the evening.  

Under a certain crown canopy, on sunny days the temperature increases gradually when horizontally 

moving away from the trunk. This phenomenon suggests that shading was the main cause of tree cooling 

(Armson, Stringer et al. 2012). Accordingly, the highest ∆MRT in this study was observed between 

Points A and D, which are the most canopied and the most sun-shined ones. This finding further 

confirms the cooling effect of shading (Lin and Lin 2010, Zhao, Wentz et al. 2017), together with 

insignificant evening ∆MRT. ∆MRT C was higher than ∆MRT B, which means that Point C was 



warmer than Point B. This might result from the openness (SVF) difference between them, as sites with 

higher SVF appear to warmer when analysed by MRT (Zhang, Gou et al. 2019). 

Tree crown size (TCD) had the most significant correlation with TCPI, which is similar to UHI and 

UHIFP. Cities with larger sizes have higher UHI, which might result from a longer distance between 

urban and suburban areas and denser human activities (Oke 1973). Locating farther from the city centre 

usually presents higher temperature differences (Zhou, Zhao et al. 2015). Due to the positioning of 

temperature measuring instruments mostly relatively to TCD, the large distance observed in this study 

might have resulted from high TCD. This supports the notion that trees with larger horizontal crowns 

have better cooling effects, as also confirmed by several studies (Lin and Tsai 2017, Morakinyo, Lau et 

al. 2018, Wang, Guo et al. 2021). Albedo and LAI showed a little thermal effect, which conflicts with 

some relevant studies (Taleghani, Sailor et al. 2014, Guo, Cheng et al. 2020). These results can be 

explained by site characteristics: sample trees are planted somewhere covered by soil and the reflectivity 

of similar land substances would hardly differ considerably. This issue represents a limitation that will 

be addressed in future studies. The LAI was slightly correlated with cooling intensity. This phenomenon 

conflicts with some findings that confirm the thermal impacts of LAI. It might result from the thermal 

index of this part, which is the MRT difference between different points under the canopy. Admittedly, 

sites with higher LAI are cooler. For instance, if Tree 1 and Tree 2 had different LAIs (Fig. 16), MRTA1 

would be higher than MRTA2 under the same weather conditions. Nevertheless, MRTB1 was also higher 

than MRTB2. Therefore, it is hard to say whether ∆MRTAB2 was lower or higher than ∆MRTAB1. This 

may also explain the insignificant effect of albedo. However, this hypothesis was uninvolved 

statistically, which is a limitation of this study. 



Fig. 16. Trees with different leaf area indexes (LAI)s, LAI of Tree 1 = 3; and LAI of Tree 2 = 5. 

This study was not without limitations. As a primary study of temperature distribution under the crown 

of individual trees, there were still a variety of important factors unconsidered.  Due to the limited sets 

of instruments, climatic data for only one variable (trunk shade regarding daily periods) could be 

collected; thus, the pond shape was defined in two-dimensional screens. Meanwhile, for some 

limitations of samples, other physical factors, such as site openness and albedo, showed little thermal 

effects, hence they were excluded from the process of pond shape deduction. This study focused on 

individual trees, as trees in clusters have been studied previously (Zhang, Gou et al. 2019). In future 

studies, more thermally relevant variables would be included with the support of advanced techniques, 

and trees would be placed into three-dimensional space. The multiple analyses could help to develop 

more complex equations that comprehensively indicate the temperature distribution around the sites 

under trees.   

5. Conclusion

This study has explored the phenomenon of TCP and found its affecting factors. It confirmed the regular 

temperature distribution under a certain tree, which has rarely been investigated before. TCP was also 

found to vary with tree features, especially sizes. Important findings are listed as follows: 

MRT increased gradually when moving away from the trunk, and a sharp change emerged for the 

disappearance of shade; yet little MRT variation was measured in the evening. 

∆MRT was most significantly correlated with the tree crown size (diameter), the TCD of 16.6 m caused 

an ∆MRT of 18°C between the trunk and shade-off site (R2 =0.6771); other physical factors (albedo, 

LAI, etc.) had little effect. 

This study has found the temperature distribution around single trees’ canopied grounds. The findings 

can be useful for future urban planning and landscaping with the goal of OTE improvement. Trunks’ 



nearby sites were cooler than the open sites by about 18°C (indicated by MRT), which means that 

individual trees’ cooling effects were only available for crown-canopied spaces while they had little 

effect on areas several meters away. Theoretically, this study implemented a visual definition for TCP. 

Several critical points under the tree were identified, delineating the pond quantitatively. Readers could 

roughly imagine the temperature changes around any tree as UHI. Practically, this study confirmed the 

methods of thermal environment improvement on aspects of tree plantation. Trees with large sizes (wide 

crowns) caused more considerable temperature differences. Selecting tree species with larger canopies 

at walkways could generate better cooling effects. Meanwhile, high tmeperaure differences occurred 

between shady and shade-off areas, which means the tree is cooling inefficiently for nearby uncanopied 

sites. There should be fewer gaps between neighbouring trees. Thus the distances between neighbouring 

trees should be strictely planned regarding their species.  
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A B S T R A C T

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.   

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 addition, WinSCANOPY (Regent Instru-
ment 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 charac-
teristics 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 eval-
uation of crown canopy intensities. This study investigated the impact of 
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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 sun-
light 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. 

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 comfort-
able 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 nat-
ural ventilation. Moreover, the Sichuan Basin prevents hot air from 
escaping and fresh air from entering, resulting in high air temperatures 
and poor air quality. 

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. 

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 
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. 

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 in-
dicators covering several parameters have been proposed. MRT was 
used as the microclimatic indicator in this study. It is a complex indi-
cator involving abovementioned parameters and is frequently used in 
urban climate studies (Fang et al., 2019). Generally, MRT represents the 

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

Fig. 2. All point locations and their surrounding environments of the two parks.  
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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 condi-
tions. 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 re-
spondents’ 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). 

Three sets of instrument measurement were used by three groups to 
simultaneously measure the 18 points. In each time period on a mea-
surement 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 se-
lection 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 measure-
ment point was 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 ques-
tionnaire. Due to the random location of the selected trees, the points 
had different visitor attendance, which resulted in differences in the 
questionnaire completion. 

Since the measurements were carried out at different times, tem-
perature 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). 

2.3. Crown characteristics of trees 

2.3.1. Tree crown diameter, branching height, and their ratio 
Tree crown diameter (CD, Fig. 6a) 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 calcu-
lated as half the sum of the four-direction radius (E, W, S, and N) (CD =
(a + b+c + d)/4, Fig. 6b). 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 dis-
tance from BP to the ground. It was used since its significant microcli-
matic effect, which was expressed in a couple of aspects. 

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. 6c), 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. 7a & b), trees with higher 
PH create higher SVF values, regarding SVF calculation method 
(Fig. 7e). 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 

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  

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

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 measurement 
(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 

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  
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might result in same SVF, which is explained in Fig. 7c & d. Therefore, 
D/PH is an important indicator for evaluating tree characteristics. 

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 location 
(Zeng et al., 2018). Data for this study were collected at the microcli-
matic 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 pro-
posed, which evaluated the ratio of the gap within the crown. As shown 
in Fig. 8, the area within the orange line represents the photographed 

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).  

J. Zhang and Z. Gou
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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 Eq. (2): 

LGR =
CSVF
CCVF

(2)  

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 frac-
tion and path length in different directions and leaf orientation distri-
bution (Peper and McPherson, 1998). LAI is positively correlated with 

Fig. 6. Illustrations of tree crown characteristics.  

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). 

J. Zhang and Z. Gou
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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 sig-
nificance 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 ac-
cording to location; 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. 

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. 12 expresses the distribution of respondents’ subjective thermal 
response. Respondents’ thermal feeling varied between the locations, 
with some of them irregular fluctuations. As this questionnaire was 
carried out during the summer, most of respondents indicated TSV as 
(slightly) warm, generally ranging from 0 to 3. Because of the subjec-
tivity of thermal sensation, not all samples felt warm, and some re-
spondents selected -1 (slightly cool) or even -2 (cool). 

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 corre-
lated 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 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 

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

J. Zhang and Z. Gou



Urban Forestry & Urban Greening 59 (2021) 126912

9

change in R2 (0.001, p > 0.05). Therefore, only D/PH was kept in the 
model. 

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 sig-
nificant 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. 

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 ef-
fect 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 <

Fig. 9. Air/globe temperature of all measured points.  
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0.01), which is slight different from MMRT. 
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. 

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 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 

Fig. 10. Air velocity of all measured points.  

Fig. 11. MRT of all measured points.  

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

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  

Fig. 13. Correlation between MMRT and D/PH in the two parks.  

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 D/PH − 0.132 0.012 
LGR − 1.998 0.157 
LAI − 0.393 0.006  
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significant microclimatic effects. 
D/PH was significantly correlated to the microclimate. This illus-

trates 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 microcli-
matic 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 consis-
tently 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 cano-
pying 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 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. Compa-
rably, LAI and LGR were less cooling effective. Yet LAI was significant on 
thermal comfort. 

• The D/PH of a tree is the most significant factor for reducing tem-
perature 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 in-
fluence 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 signifi-
cantly 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 micro-
climate 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 bio-
logical effects (evapotranspiration), cooling intensities in other seasons, 
and leaf palette. These limitations shall be addressed in future studies. 
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Morgenroth, J., Östberg, J., 2017. Measuring and monitoring urban trees and urban 
forests. Routledge Handbook of Urban Forestry. Available at: https://www.routled 
gehandbooks.com/doi/10.4324/9781315627106.ch3 (2017) (Accessed 26.7.2020).  

Moser, A., Rötzer, T., Pauleit, S., Pretzsch, H., 2015. Structure and ecosystem services of 
small-leaved lime (Tilia cordata Mill.) and black locust (Robinia pseudoacacia L.) in 
urban environments. Urban For. Urban Green. 14 (4), 1110–1121. 

Nasrollahi, N., Shokri, E., 2016. Daylight illuminance in urban environments for visual 
comfort and energy performance. Renew. Sustain. Energy Rev. 66, 861–874. 

Peper, P., McPherson, E., 1998. Comparison of five methods for estimating leaf area 
index of open grown deciduous trees. J. Arboricult. 24 (2), 98–111. 

Pruppacher, H.R., Klett, J.D., 2010. Cooling of moist air. Microphysics of Clouds and 
Precipitation. Springer, pp. 485–501. 

Rahman, M.A., Stratopoulos, L.M.F., Moser-Reischl, A., Zölch, T., Häberle, K.-H., 
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Appendix E: Process of LLI calculation 

Fig. 1. Illustrations of the tree component parameters. d. The five light lines and the angles for 

LAI calculation; e. Division of tree crown range into two zones for more exact calculations (d 

and e were mainly used in the Appendix). 

Calculation of LLI is complex. Simply, it is the ratio of LAI to TVF, in which the values of the two 

variables can be acquired from WinSCANOPY. Nevertheless, there is still much work that is not clearly 

provided, which is rectified here. 

In LAI Log 2000, there are several parameters used, i.e. path length (Lth, the light length through crown), 

gap fraction (GFr, the gap ratio on each Lth), and leaf orientation distribution. Here, all the steps of the 

process are shown. LLI was used as the medium connecting LAI and the original parameters. Leaf layer 

(L) refers to the layer quantity of the leaf on each line in Fig. 1d. It is calculated by Eq. (5),

L =
Lth×(1–GFr)

T×sinθ 
 (5) 

where Lth is the path length of the line; GFr is the gap fraction of the line; T is the thickness of an adult 

leaf; and θ is the mean leaf angle from a vertical line, which can be acquired through the leaf angle 

distribution in WinSCANOPY. 

Furthermore, LLI can be calculated by Eqs. (6.1 to 6.3), 
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LLI =
∑ (L)n

1

n
 (6.1) 

Ln=a×ln(θn) + b (6.2) 

LLI =
∑ ∫ [a1*ln(θn1)+ b1]+

θn1

0

n1

0
∑ ∫ [a2*ln(θn2)+ b2]

θn2

0

n2

0

n1+n2
 (6.3) 

where Ln refers to the layer quantity on each line and θn is the angle of the line angle from the vertical 

direction (Fig. 1d). Eq. (6.1) shows the general calculation of LLI, which is the mean value of L over 

all angles. Eq. (6.2) shows the relationship between L and θ, which is from logarithmic regression. L1 

to L5 and θ1 to θ5 represent the acquired data of the leaf layer and angles, which met a certain equation 

relationship. Eq. (6.2) is the equation predicting the L values of rest angles. Eq. (6.3) is the combination 

of (6.1) and (6.2). Owing to the fact that all photographs were not taken at the central point of the tree 

crown, the left and right sides would have different angles to consider for the layer quantity correlation; 

hence, they are separated into Zone 1 and Zone 2 for independent regression (Fig. 1e). For a total 

evaluation of the TVF and LAI of the selected tree, the fisheye photographs were all taken at the ground 

position next to the tree trunk. 

In WinSCANOPY, LAI values were acquired directly, avoiding the evaluation process of LLI and TVF. 

As LAI is positively correlated to LLI and TVF, their interactive relationship can be composed through 

Eq. (7), 

LAI = a × LLI × TVF = a × TVF ×
∑ (L)n

1

n
  (7) 

where ‘a’ refers to the coefficient, which covers the constant and some other factors. Owing to the fact 

that the values of LAI and TVF can be acquired from WinSCANOPY, to simplify the calculation, LLI 

is calculated through Eq. (8), 

LLI = LAI

TVF
×a (8) 

For some roughly simplified calculation, coefficient ‘a’ could be rounded to one; thus, the LLI is defined 

as Eq. (9), 
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LLI =
LAI

TVF
  (9) 

 

 

 




