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Abstract 
Under extreme heat conditions, street trees play a vital role in mitigating the urban 
street thermal environment. However, the relative contributions of their two- and three-
dimensional greening structural characteristics remain insufficiently quantified. This 
study examined the differential effects of two- and three-dimensional greening indices 
on street thermal conditions. Mobile measurements were conducted on typical streets 
in Hangzhou during the summer of 2024 to collect daytime and nighttime meteorological 
data. Fisheye images and semantic segmentation were used to extract greening 
structural indicators, which were classified into two- and three-dimensional metrics 
based on previous studies. The results showed that, compared with treeless streets, 
streets with high canopy cover reduced daytime air temperature by 2.76°C (p < 0.01). 
Three-dimensional indicators showed significant daytime cooling effects, with GVI, TVF, 
and CV most strongly associated with air temperature (Ta), whereas the two-
dimensional indicator TCR showed a slight nighttime warming effect. The effects of 
street-tree greening structure on air temperature were spatially scale-dependent, with 
an optimal range of about 70–110 m; the best-fit interval was 100–110 m during the day 
and around 100 m at night. These findings provide empirical support for street-greening 
optimization and climate-adaptive urban design. 
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1. Introduction 

Global warming and rapid urbanization have intensified the Urban Heat Island (UHI) effect, 
making it a major environmental challenge for cities worldwide [1], [2]. UHI not only increases 
urban energy consumption and greenhouse gas emissions, but also reduces outdoor thermal 
comfort and raises the risks of heat-related illness and mortality [3], [4]. Under increasingly 
frequent extreme heat events and heatwaves, street canyons are particularly vulnerable to 
thermal stress due to extensive impervious surfaces, restricted ventilation, and heat 
accumulation [2], [5]. 
Previous studies have shown that street thermal environments are jointly shaped by street 
geometry and vegetation configuration. Geometric factors such as street orientation, aspect 
ratio (AR), building height (BH), and sky view factor (SVF) affect radiative exchange, heat 
storage, and air circulation within street canyons [6]–[8]. Street trees, as the dominant form of 
street greenery, mitigate heat exposure through canopy shading and transpiration-driven 
latent heat exchange [9]–[11]. Many studies have confirmed their cooling effects on near-
ground air temperature and pedestrian-level thermal stress [12]–[14]. However, these effects 
depend not only on tree species, but also on greening morphological and structural 



Frontiers in Sustainable Development Volume 6 Issue 3, 2026

ISSN: 2710-0723 

 

29 

characteristics. Variations in diameter at breast height (DBH), tree height (TH), crown width 
(CW), and trunk branch height (TBH) can lead to substantial differences in shading capacity, 
transpiration potential, and canopy organization, thereby producing heterogeneous cooling 
effects [15]–[18]. 
Although the thermal regulation function of street trees has received increasing attention, most 
studies still rely on single indicators to describe vegetation structure and have not fully clarified 
the distinct roles of different street-tree greening characteristics in shaping street thermal 
conditions. Existing research has mainly focused on two-dimensional or individual-tree metrics, 
such as tree canopy coverage (TCR), DBH, TH, and CW, while paying less attention to three-
dimensional indicators that better reflect canopy spatial structure and pedestrian-level visual 
perception [19]–[22]. In contrast, green view index (GVI), tree view factor (TVF), crown volume 
(CV), and canopy thickness (CT) can better characterize the spatial occupation of tree canopies 
and are more directly related to shading intensity, radiative exchange, and heat transfer in 
street canyons [23]–[25]. 
Moreover, the thermal effects of street-tree structure show clear diurnal variation. During the 
daytime, canopy shading and transpiration usually dominate the cooling process; at night, 
denser canopy cover and stronger spatial enclosure may suppress longwave heat release and 
near-surface air exchange, thereby reducing nocturnal cooling efficiency [16], [26], [27]. In 
addition, the relationship between street-tree structure and thermal environment is scale-
dependent. Small analysis extents may fail to capture overall greening patterns, whereas 
excessively large buffers may obscure local microclimatic characteristics [28]–[30]. Therefore, 
both diurnal variation and spatial scale should be considered when examining the thermal 
regulation effects of street trees. 
Methodological limitations also remain. Satellite remote sensing and fixed-site observations are 
often constrained by spatial resolution and temporal continuity, making it difficult to capture 
fine-scale thermal variations at the street level [31]–[33]. Meanwhile, many studies are based 
on relatively small street-tree samples, limiting a comprehensive understanding of the 
relationship between street-tree structure and street air temperature. Studies combining high-
resolution mobile measurements of daytime and nighttime air temperature with quantitative 
assessments of both two- and three-dimensional street-tree structural characteristics across 
multiple spatial scales remain scarce. 
To address these gaps, this study focuses on street spaces in Lin’an District, Hangzhou, and 
investigates the effects of street-tree greening morphological and structural characteristics on 
street air temperature using mobile measurements and high-resolution greening structure 
extraction. Specifically, this study aims to: (1) identify differences in thermal regulation among 
different street-tree greening characteristics; (2) compare the relative contributions of two- 
and three-dimensional structural indicators to street air temperature and clarify their 
mechanisms; and (3) determine the key factors affecting the street thermal environment and 
explain how they influence cooling performance. 

2. Methods 

2.1. Study Area Overview 
The study area is located in Hangzhou, China (119°00′–119°12′ E, 30°11′–30°16′ N), with 
relatively flat terrain and an elevation of 45–50 m. It has a subtropical monsoon climate (Cfa, 
Köppen–Geiger classification), with an annual mean temperature of 16.9 °C, annual 
precipitation of 1628.6 mm, average relative humidity of 79.0%, and annual sunshine duration 
of 1847.3 h (China Meteorological Administration, 2024). The total length of the surveyed roads 
was approximately 19.8 km, with an average width of 23.36 m. The streets varied markedly in 
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typology and street-tree morphology, making the area suitable for comparative research on 
street thermal environments under different structural characteristics. 
 

 
Figure 1. Site information and street characteristics. 

2.2. Urban Street Microclimate Measurement 
This study employed a mobile measurement approach to efficiently obtain high-spatial-
resolution microclimate data at the street scale along predetermined routes. The field 
experiment was conducted continuously for seven days, from 5 August to 10 August 2024, 
under weather conditions with low cloud cover and low wind speed, so as to minimize 
interference from external environmental variables during mobile data collection. Two 
measurement periods were selected: 14:00–15:00, representing the daytime peak air 
temperature period [34], and 22:00–23:00, corresponding to the period when the urban heat 
island effect is strongest. These time periods also avoided traffic peak hours, thereby reducing 
thermal disturbance caused by vehicles and pedestrian activities. Meanwhile, background 
meteorological data were obtained from the Donghu Village and Lanling Community weather 
stations in Lin’an District, Hangzhou, including air temperature, relative humidity, wind speed, 
and wind direction (WD). To reduce the influence of daily anomalies on the results, 
observational data collected from 8 August to 10 August 2024, when meteorological conditions 
were similar, were averaged and used as the input for subsequent analyses. 
To ensure adequate ventilation around the sensors and reduce the direct influence of solar 
shortwave radiation on the measurements, a TES-1365 temperature and humidity sensor and 
a HOBO radiation shield were mounted on the vehicle roof at approximately 1.5 m above 
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ground level. GPS data were recorded in real time using the 2bulu application and matched with 
the microclimate data in ArcGIS based on time. Location information was recorded at 1 s 
intervals. Before each experiment, the sensors were calibrated, time-synchronized, and 
preheated to ensure data consistency. During data collection, the vehicle was driven at a stable 
average speed of approximately 36 km/h. 
 

 
Figure 2. Street orientation, measurement instruments, photography capture points and 

resolution, and image processing. 

2.3. Acquisition and Calculation of Street Tree Morphological Parameters 
2.3.1. Acquisition of Street Tree Morphological Parameters 
Tree height (TH), diameter at breast height (DBH), crown width (CW), trunk branch height 
(TBH), and canopy thickness (CT) were measured or estimated using a Haglöf laser rangefinder 
(BOSCH GLL80, accuracy = ±1.5 mm / ±0.2°). Tree canopy coverage (TCR) was calculated based 
on crown width and street width. Leaf area index (LAI) was measured using an LAI-2200 Plant 
Canopy Analyzer. 
In this study, the acquisition of view-factor data was conducted simultaneously with mobile 
microclimate observations. A Kodak PIXPRO SP360 4K action camera was used for continuous 
recording. The device is equipped with a 360° spherical lens and an ultra-wide field of view of 
235°. The camera was mounted on the vehicle roof, and data collection strictly complied with 
road traffic regulations and data privacy requirements. During data acquisition, the camera was 
connected via Bluetooth to the PIXPRO SP360 4K control software, enabling remote operation 
and real-time monitoring, and thus continuously capturing hemispherical sky images above the 
roadway. 
The obtained VR videos were processed step by step during post-processing. First, video 
segments affected by traffic-related disturbances, such as stops at red lights, emergency 
braking, and obstacle avoidance, were removed in Adobe Premiere Pro 2025. The edited videos 
were then exported in SVI format as static frame images with a resolution of 2160 × 2160 pixels 
and a frame extraction rate of 1 frame per second. A total of 1,852 valid fisheye images of the 
roadway side were ultimately obtained for the calculation and analysis of GVI and TVF. Table 1 
presents the street tree morphological parameters. 
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Table 1. Descriptive Statistics of Street Tree Characteristics 
Description of 
Basic 
Characteristic
s  

Ginkgobilob
a 

Cinnamomu
m camphora 

Zelkova 
schneiderian

a 

Albizia 
julibrissin 

Lagerstroemi
a indica 

Site 
Photographs 

   

  

Typical 
Fisheye 
Images 

     

Crown Shape 

 

 

 

 

 

Tree 
Height(m) 

3-10 0-15 3-9 5-12 0-6.3 

Trunk Branch 
Height (m) 

0.9-3 0.5-4.5 0-3 2-5 0-2 

Diameter at 
Breast Height 
(cm) 

9-30 10-51 12-32 14-29 0-14 

Crown Width 
(m) 

2.6-7.7 0-25.3 1.75-9 3-10 0-4 

Crown 
Volume (m³) 

36-137 0-9202 0-876 8.8-339 0-25 

Canopy 
Thickness 
(m) 

2-9.2 0-10 0-7 0.75-7 0-3 

Tree Canopy 
Coverage 

0-0.40 0-0.98 0-0.58 0-0.85 0-0.09 

Leaf Area 
Index 

0.30-0.45 0.19-0.78 0.29-0.38 0.27-0.39 0.07-0.15 

Tree View 
Factor 

0-0.07 0-0.64 0-0.33 0-0.54 0-0.02 

Green View 
Index 

0-0.09 0-0.45 0.01-0.21 0.01-0.39 0-0.05 

2.3.2. Calculation of Street Tree Morphological Parameters 
Leaf area index was calculated using HemiView software (Delta-T Devices, Cambridge, UK). 
Crown volume was calculated based on a geometric approximation model. Tree view factor and 
green view index were calculated as the proportion of the visible area identified as trees to the 
effective pixel area of the image. Tree canopy coverage was defined as the percentage of the 
total ground area covered by the summed projected canopy area of all trees. Table 3.2 presents 
the corresponding formulas. 
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Table 2. Calculation Formula 
Numble  Scheme 1 Scheme 2 

Crown Volume 
(CV) 

 

                                    (1) 
(V: volume of the sphere; π: pi; r: radius of the sphere) 

     

                                    (2) 
(V: volume of the sphere; π: pi; r: radius of the sphere) 

             
                                    (3) 

(V: volume of the umbrella-shaped crown; π: pi; r: radius of 
the sphere) 

         

                                 (4) 
(a: semi-axis length of the ellipse in the x-direction; b: semi-

axis length of the ellipse in the y-direction; c: semi-axis length 
of the ellipsoid in the z-direction) 

Leaf Area Index 
(LAI) 

 

                            (5) 
(LAI: leaf area index; A_leaf: total leaf area; A_ground: ground 

projected area (m²)) 

Tree View Factor 
(TVF) 

 

                            (6) 
(TVF: tree view factor; A_tree: visible area identified as trees 

in the image; A_visible: effective pixel area of the entire 
image) 

Green View Index 
(GVI) 

 

                               (7) 
(Agreen: green visible area of trees in the image; Avisible: 

effective visible area) 
Tree Canopy 
Coverage (TCR) 

 𝑇𝐶𝑅 =
஺೎

஺೟
× 100%                     (8) 

(Ac: canopy coverage area, referring to the sum of the 
projected ground areas of all tree crowns; At: total ground 

area) 

 
Do not number your paper: All manuscripts must be in English, also the table and figure texts, 
otherwise we cannot publish your paper. Please keep a second copy of your manuscript in your 
office. When receiving the paper, we assume that the corresponding authors grant us the 
copyright to use the paper for the book or journal in question. Should authors use tables or 
figures from other Publications, they must ask the corresponding publishers to grant them the 
right to publish this material in their paper. Use italic for emphasizing a word or phrase. Do not 
use boldface typing or capital letters except for section headings (cf. remarks on section 
headings, below).  

2.4. Buffer Zone Selection 
To explore the scale sensitivity of tree morphological characteristics, buffer zone analysis was 
necessary [222], [223]. Based on previous studies, seven buffer radii (10, 20, 50, 70, 100, 110, 
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and 120 m) were created around each sampling point, and the mean values of morphological 
parameters within these buffers were calculated in ArcGIS. Multiple linear regression analysis 
was then conducted to relate tree morphological indicators to directly measured microclimate 
data in order to determine the optimal buffer radius. This was generally consistent with the 
findings of Yan et al. (2018) and Hu et al. (2023) [129], [28]. 

2.5. Data Analysis 
First, background meteorological data from the Lanling Community weather station in Lin’an 
District during July and August were collected. Based on these data, air temperature variation 
at each observation point was calculated, and the temperature values obtained from mobile 
measurements were standardized to two reference time points corresponding to the start of 
each measurement period (14:00 and 22:00), so as to improve the comparability of data among 
different street segments and time periods. To reduce the influence of random errors from 
single-day observations, four consecutive days with stable and similar meteorological 
conditions were further selected, and the air temperature at each sampling point was averaged 
to represent its thermal environment status. Under the constraint of temporal consistency, 
spatiotemporal relationships among air temperature, morphological indicators, and the 
geographic coordinates of each measurement point were established. ArcGIS was then used to 
generate spatiotemporal distribution maps of air temperature along the entire route and spatial 
distribution maps of street-tree structural and morphological characteristics, so as to 
characterize the spatial heterogeneity of the street-scale thermal environment and spatial form 
factors. The spatial verification of measurement trajectories was conducted using Google Earth 
imagery, and abnormal points generated in special spatial units such as road intersections were 
identified and removed. After data screening, 958 valid daytime samples and 859 valid 
nighttime samples were retained. 

3. Results and Analysis 

3.1. Distribution Characteristics of Street Tree Morphological Structure 
Figure 3 shows the spatial distribution patterns of two-dimensional (2D) and three-
dimensional (3D) greening structural and morphological indicators of street trees in the study 
area of Lin’an. Overall, all indicators exhibited significant spatial heterogeneity along street 
segments. 
For the three-dimensional indicators (Fig. 3a–e), GVI ranged from 0.00 to 0.45, TVF from 0 to 
0.64, LAI from 0 to 0.78, CV from 0 to 9202 m³, and CT from 0 to 10.00 m. Both GVI and TVF 
ranged from 0 to 1, with smaller values indicating a lower proportion of the corresponding 
element in the image. In terms of spatial correspondence, streets with higher GVI generally also 
showed higher TVF, indicating that these street segments had more visible greenery from the 
pedestrian perspective. 
For the two-dimensional indicators (Fig. 3f–j), TCR ranged from 0.11 to 0.98, DBH from 0 to 51 
cm, TH from 0 to 15 m, CW from 0 to 25.3 m, and TBH from 0 to 5 m. TH, DBH, and CW showed 
similar spatial variation patterns, with their highest values mostly occurring along the same 
group of street segments. These segments also tended to correspond to higher tree canopy 
coverage (TCR), indicating more continuous canopy cover. These spatial distribution 
characteristics provide a basis for the subsequent quantification of the contributions of 
different greening structural indicators to street microclimate and their threshold effects. 
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Figure 3. Street orientation, measurement instruments, photography capture points and 

resolution, and image processing. 

3.2. Spatiotemporal Distribution Characteristics of Street Air Temperature 
Figure 4 shows the spatial distribution of air temperature and its variation during the daytime 
(14:00–15:00). Overall, daytime air temperature reached as high as 41.9°C (Fig. 4a). In terms 
of spatial pattern, high temperatures were mainly concentrated on street segments with sparse 
vegetation and east–west (E–W) orientation, such as Chengzhong Street and Qianwang Street. 
Among all street canyons, areas without street trees exhibited higher temperatures than those 
with street trees during both daytime and nighttime. In contrast, sidewalks, which are usually 
located on both sides of the roadway, were more strongly influenced by shading from adjacent 
buildings and street tree canopies, and therefore generally showed lower air temperatures. 
Notably, the temperature difference between the two sides of the same street was closely 
related to their spatial structural characteristics. The lowest temperature was recorded at Site 
S1 on Jinjiang Road, whereas the largest temperature difference, reaching 2.72°C, was observed 
at Site S2 on Chengzhong Street. At Site S1, the street-tree greening characteristics were GVI = 
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0.38, TVF = 0.64, LAI = 0.78, CV = 9202 m³, CT = 10, TCR = 0.98, DBH = 51, TH = 15, CW = 25, 
and TBH = 4, indicating strong canopy enclosure and shading capacity, which could effectively 
block solar radiation. In contrast, at Site S2 on Chengzhong Street, GVI = 0.09, TVF = 0.07, LAI = 
0.30, CV = 137 m³, CT = 5, TCR = 0.30, DBH = 30, TH = 8, CW = 6, and TBH = 4, indicating limited 
canopy enclosure and a greater tendency for radiative heating and heat accumulation (Fig. 4c). 
Overall, streets with higher structural and morphological index values warmed more slowly. 
These results indicate that street-tree morphological and structural characteristics play an 
important role in regulating the daytime street thermal environment. 
 

 

Figure 4. Street orientation, measurement instruments, photography capture points and 
resolution, and image processing. 

 
Figure 5 presents the spatial distribution of air temperature and its variation at night (22:00–
23:00). Compared with the daytime, nighttime air temperature decreased significantly overall, 
ranging from 30 to 32.40°C, while spatial differences became more pronounced (Fig. 5b). The 
largest nighttime temperature difference occurred between Site S3 on Xinmin Street and Site 
S4 on Jinjiang Road (located on the same street as S1). At Site S3, the air temperature was 30°C, 
which was 2.65°C higher than that at S4. At this site, GVI was only 0.02, while TVF and TCR were 
both 0.01, LAI was 0.2, CV was 23 m³, CT was 3, DBH was 16, TH was 6, CW was 4, and TBH was 
2 (Fig. 5c). The nighttime thermal environment at this street was more stable, which may be 
related to its lower TCR and TVF. Greater sky openness is more conducive to upward heat 
transfer and longwave radiative dissipation, thereby accelerating surface cooling. The coldest 
point during the daytime (S1) and the hottest point at night (S4) were located on the same 
street, indicating that although higher TCR and TVF can reduce radiation through shading 
during the daytime, they may also inhibit longwave radiative release from the surface to the 
sky and the upward transport of heat flux at night, resulting in near-surface heat retention and 
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a slower cooling process. Overall, higher GVI, TVF, and TCR can mitigate heat during the 
daytime, but due to stronger spatial enclosure, they are more likely to cause heat retention in 
the evening and at night, thereby reducing the nighttime cooling rate. 
 

 

Figure 5. Spatiotemporal distribution of nighttime street air temperature. 

3.3. Scale Effect 
Figure 6 shows the variation in the regression performance (Adjusted R²) of multiple street-
tree morphological and structural characteristics on daytime and nighttime air temperature 
across different buffer scales. Within the tested buffer radii of ≤120 m, the regression results 
indicated significant differences in model fit across spatial scales (Fig. 6). For overall air 
temperature (Ta), the Adjusted R² values for both daytime and nighttime increased with buffer 
radius and peaked within the 70–110 m range. Specifically, nighttime air temperature showed 
the highest Adjusted R² at 100 m (approximately 0.09), whereas the best model fit for daytime 
air temperature and heat index occurred within the 100–110 m buffer range (approximately 
0.55 and 0.33, respectively). 
In the factor-specific analysis (Fig. 6), under daytime conditions, TCR, TVF, and GVI showed 
relatively high explanatory power, all of which increased steadily with buffer radius, with TVF 
showing the strongest explanatory ability. Under nighttime conditions, TCR explained air 
temperature substantially better than the other factors and reached its peak at 100 m (Adjusted 
R² ≈ 0.085). In contrast, the other factors generally showed lower explanatory power and 
tended to decline after 100 m. 
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Figure 6. Regression performance (adjusted R²) of multiple greening features for daytime 
and nighttime air temperature across different buffer sizes. 

3.4. Correlation Analysis between Street-Tree Greening Morphological and 
Structural Indicators and the Thermal Environment 

Figure 7 presents the correlation analysis between thermal environment indicators and street-
tree greening morphological and structural characteristics during summer midday and 
nighttime periods. The results showed that during the daytime, except for leaf area index (LAI), 
all indicators were negatively correlated with air temperature and positively correlated with 
relative humidity. Among them, tree view factor (TVF), tree canopy coverage (TCR), green view 
index (GVI), crown volume (CV), crown width (CW), and tree height (TH) were all significantly 
negatively correlated with air temperature (Ta) (p < 0.001). Crown volume (CV) and green view 
index (GVI) were significantly negatively correlated with relative humidity (RH) (p < 0.001). 
These results indicate that TVF, TCR, CW, CV, TH, and GVI are important factors affecting under-
canopy microclimate regulation. 
At night, the correlations between these indicators and the microclimate were substantially 
weaker. Tree canopy coverage (TCR) showed a significant positive correlation with air 
temperature (Ta) (p < 0.001), whereas diameter at breast height (DBH), green view index (GVI), 
tree height (TH), and trunk branch height (TBH) were negatively correlated with air 
temperature (Ta). This indicates that the influence of street trees at night was relatively weak. 
Among the indicators, TCR had a warming effect on nighttime air temperature, whereas GVI, 
DBH, and TH had slight cooling effects. 
 

 

Figure 7. Correlation analysis between the street thermal environment and the 
morphological-structural characteristics of street trees. 
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Figure 8a shows the relative contribution weights of two-dimensional and three-dimensional 
street-tree greening morphological and structural indicators to variations in daytime thermal 
environment parameters. Among them, three-dimensional (3D) street-tree greening 
morphological and structural indicators were the primary contributors to the daytime thermal 
regulation effect of street trees, with an average contribution rate of 54.4%. Figures 8b and 8c 
further present the weight proportions of each indicator in relation to variations in different 
thermal environment parameters. Overall, green view index (GVI), tree view factor (TVF), and 
crown volume (CV) consistently played key roles in the improvement of the thermal 
environment by street trees, with average contributions of 14%, 13.3%, and 15%, respectively. 
In contrast, the contribution of two-dimensional indicators was relatively moderate, with an 
average contribution rate of 45.61%. Although the overall influence of two-dimensional 
indicators was smaller, tree canopy coverage (TCR) and crown width (CW) each contributed 
more than 10%, indicating that greater canopy cover may also play an important role in 
reducing heat exposure and improving pedestrian thermal conditions. 
 

 

Figure 8. Contribution analysis of street-tree green structural and morphological indicators 
to daytime microclimate improvement. 

Figure 9d shows the relative contribution weights of two-dimensional and three-dimensional 
street-tree greening morphological and structural indicators to variations in nighttime thermal 
environment parameters. Among them, two-dimensional (2D) street-tree greening 
morphological and structural indicators were the primary contributors to the nighttime 
thermal regulation effect of street trees, with an average contribution rate of 65.8%. Figures 8e 
and 8f further describe the weight proportions of each indicator in relation to variations in 
different thermal environment parameters. Overall, in the improvement of the nighttime 
thermal environment by street trees, green view index (GVI), tree view factor (TVF), and 
diameter at breast height (DBH) consistently played key roles, with average contributions of 
15.5%, 13.8%, and 24.5%, respectively. In contrast, the contribution of three-dimensional 
indicators was relatively moderate, with an average contribution rate of 34.1%. 
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Figure 9. Contribution analysis of street-tree greening morphological–structural indicators 
to nighttime microclimate improvement 

4. Discussion 

4.1. Differences in the Street Thermal Environment 
The results of this study show that the two-dimensional and three-dimensional greening 
morphological and structural characteristics of street trees differed markedly among streets 
within the study area. Combined with the spatiotemporal distribution of the street thermal 
environment, it can be seen that daytime air temperature reached as high as 41.9°C, and high-
temperature streets were mainly associated with lower GVI, TVF, TCR, and CV, whereas streets 
with higher three-dimensional greening structural indicators of street trees tended to have 
relatively lower air temperatures [36]–[38]. This indicates that under strong daytime radiation, 
the greening morphological and structural characteristics of street trees reduce shortwave 
radiation input through canopy shading, thereby lowering the heating intensity of the ground 
surface and near-ground air. At the same time, tree transpiration can promote the conversion 
of sensible heat into latent heat, further suppressing the rise in air temperature. Previous 
studies have shown that the daytime cooling effect of street trees mainly results from shading 
and transpiration, and that greener spaces with more continuous canopies and larger canopy 
volumes usually exhibit stronger daytime cooling capacity [22], [39]–[41]. The findings of this 
study further support this conclusion. 
Unlike daytime conditions, although nighttime air temperature decreased overall, its spatial 
distribution remained highly heterogeneous. Notably, the coldest point during the day and the 
relatively warm point at night were located on the same street. This suggests that streets with 
high TCR, high TVF, and high GVI, which exhibit a clear cooling effect during the daytime, may 
instead show warming effects at night. The reason is that although higher greening structural 
indicators can effectively block solar radiation during the day, they may also reduce longwave 
radiative heat dissipation from the street canyon to the sky at night and weaken upward heat 
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transport and air exchange near the ground, thereby slowing the cooling process. In other 
words, the effects of street-tree greening morphological and structural characteristics on the 
street thermal environment are not entirely consistent between day and night: daytime 
conditions are dominated by cooling effects, whereas nighttime conditions may exhibit a 
certain degree of heat retention [9], [42]. In addition, streets without street trees showed higher 
Ta during both daytime and nighttime, reflecting the significant role of street trees in reducing 
the thermal load of street canyons [43]. Identifying thermal differences among streets is of 
great significance for locating heat-retention zones and formulating targeted cooling strategies. 

4.2. Differences in the Street Thermal Environment 
This study found that both two-dimensional and three-dimensional greening indicators exert 
cooling effects on the street thermal environment, but the contribution of three-dimensional 
indicators to thermal improvement was more prominent, reaching 54.4%. This process is 
mainly achieved through higher GVI (14%), TVF (13.3%), and CV (15%), which enhance canopy 
enclosure and volumetric advantages from a three-dimensional spatial structural perspective. 
The mechanisms can be explained as follows. On the one hand, higher GVI [44]–[46], TVF [8], 
[47], [48], and CV enhance shading from a three-dimensional perspective, thereby providing 
stronger interception of incoming shortwave solar radiation above the street canyon and 
reducing radiative heating of road surfaces, building interfaces, and near-ground air. On the 
other hand, larger canopy volume usually implies greater leaf area and stronger transpiration 
potential, which can further reduce heat accumulation through evapotranspiration. This is 
consistent with the view proposed by Rahman et al. that canopy volume is an important 
structural variable for explaining variations in under-canopy air temperature [14], [49]. 
In contrast, the nighttime pattern was reversed. The overall correlations between these 
indicators and the thermal environment weakened, among which TCR showed a positive 
correlation with Ta, whereas GVI and some morphological indicators still exhibited slight 
cooling effects. The contribution rate of two-dimensional indicators reached 65.8%, which was 
significantly higher than that of three-dimensional indicators, with DBH showing the highest 
contribution. This may be because DBH can, to some extent, represent the health condition and 
overall structural size of street trees [50]. 
Overall, daytime cooling mainly relies on three-dimensional structures that provide shading 
and transpiration cooling, whereas nighttime conditions are more strongly influenced by two-
dimensional coverage characteristics, which may hinder longwave radiation from the street 
toward the sky. Therefore, optimization of the street thermal environment should not focus 
solely on increasing tree canopy coverage, but should place greater emphasis on the three-
dimensional indicators of street-tree greening morphological and structural characteristics. 

4.3. Effects of Scale on the Street Thermal Environmen 
The effects of street-tree greening morphological and structural characteristics on street air 
temperature showed a certain degree of spatial scale dependence. Overall, the performance of 
both daytime and nighttime models increased with buffer radius and reached relatively high 
levels within the range of 70–110 m, with the best daytime fit concentrated within 100–110 m 
and the nighttime peak occurring at around 100 m. These results indicate that the regulating 
effects of street trees on the street thermal environment do not occur only at the scale of 
individual trees or single points, but rather manifest as an integrated effect over a certain 
street-segment range. This finding is generally consistent with previous studies showing that 
the cooling effect of urban trees has a distinct spatial extent and buffer range, and is also in 
agreement with the LCZ framework, which emphasizes that thermal environment analysis 
should match the corresponding spatial unit [1], [6], [35], [51], [52]. 
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More specifically, the explanatory power of TCR, TVF, and GVI increased gradually with scale 
under daytime conditions, indicating that daytime street temperature is influenced not only by 
local canopy shading but also by the accumulation of three-dimensional greenery. In other 
words, daytime cooling is more of an overall street-segment-scale effect rather than the isolated 
effect of individual trees. By contrast, except for TCR, the explanatory power of the remaining 
indicators was generally weak at night and declined after 100 m, suggesting that the influence 
range of street-tree greening morphological and structural characteristics is relatively limited 
at night and more easily affected by the background thermal environment and local heat 
dissipation conditions. Previous studies have shown that the cooling effect of greenery is not 
instantaneous or point-based, but generally depends on the organization of greenery and heat 
exchange processes within a certain spatial range; at the same time, the cooling effect of street 
trees usually gradually decays with distance [53]. 

4.4. Limitations 
This study used field observations to capture the characteristics of the street thermal 
environment with relatively high accuracy. However, several limitations remain. 
First, the study area is located in Lin’an District, Hangzhou, a city with a subtropical monsoon 
climate. Although the area has relatively abundant street-tree resources and is somewhat 
representative, the generalizability of the findings to other climate zones and different urban 
forms remains limited. Future studies should include cities in arid, temperate, and tropical 
climates to improve the external validity of the results. 
Second, field measurements were conducted in a complex urban environment, where spatial 
heterogeneity in street canyon morphology, wind environment, and land-cover type is difficult 
to avoid. 
Finally, this study focused only on air temperature and did not simultaneously measure other 
key microclimatic factors such as relative humidity, wind speed, and solar radiation. Therefore, 
a more comprehensive assessment of thermal comfort could not yet be carried out. Given that 
pedestrian thermal perception is jointly affected by multiple environmental factors, future 
work should incorporate more microclimatic parameters and combine them with thermal 
comfort indices such as mean radiant temperature (MRT) or physiological equivalent 
temperature (PET) to characterize pedestrian-scale thermal experience more accurately. 
Accordingly, subsequent studies should be extended to more climate zones and should combine 
MRT, PET, and similar indicators to conduct more comprehensive pedestrian-scale thermal 
environment analyses, thereby further verifying the mechanisms through which street-tree 
greening morphological and structural characteristics affect the street thermal environment. 

5. Conclusion 

If you follow the “checklist” your paper will conform to the requirements of the publisher and 
facilitate a problem-free publication process. 
This study focused on Lin’an District, Hangzhou, a city in China with a subtropical monsoon 
climate, and analyzed the effects of street-tree greening morphological and structural 
characteristics on the street thermal environment based on a mobile measurement system. 
From the perspectives of two-dimensional and three-dimensional structures, the study 
revealed the daytime and nighttime differences in the street thermal environment under 
different street-tree greening morphological and structural characteristics, compared the 
relative contributions of two-dimensional and three-dimensional indicators to air temperature, 
and identified the key structural factors affecting the street thermal environment. The main 
conclusions are as follows: 
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(1) Different street-tree greening morphological and structural characteristics exert different 
effects on the street thermal environment, with clear daytime–nighttime differences. The 
results show that the two-dimensional and three-dimensional greening morphological and 
structural indicators of street trees in the study area exhibited obvious spatial heterogeneity 
along street segments, and street air temperature also showed significant spatiotemporal 
variation. High-temperature street segments during the daytime were mainly associated with 
lower GVI, TVF, TCR, and CV, whereas street segments with higher greening structural 
indicators had relatively lower air temperatures, indicating that stronger canopy enclosure and 
larger canopy volume help slow the warming process. Although nighttime air temperature was 
significantly lower overall than daytime temperature, spatial differences remained pronounced, 
and street segments with significant daytime cooling effects did not necessarily maintain a 
cooling advantage at night. This indicates that the regulating effects of street-tree greening 
morphological and structural characteristics on the street thermal environment are not entirely 
consistent between day and night: daytime conditions are dominated by cooling through 
shading and transpiration, whereas nighttime conditions may experience slower heat 
dissipation due to enhanced spatial enclosure. Meanwhile, streets without street trees 
exhibited higher air temperatures during both day and night, further demonstrating the 
important role of street trees in reducing street thermal load. 
(2) Both two-dimensional and three-dimensional street-tree greening morphological and 
structural indicators have cooling effects, but three-dimensional indicators are more dominant 
during the daytime, whereas two-dimensional indicators play a more prominent role at night. 
Under daytime conditions, the average contribution rate of three-dimensional greening 
morphological and structural indicators to improving the street thermal environment reached 
54.4%, which was higher than the 45.61% contributed by two-dimensional indicators. Among 
them, GVI, TVF, and CV were the most critical structural factors during the daytime, with 
average contributions of 14%, 13.3%, and 15%, respectively, indicating that pedestrian-
perspective greenery, overhead canopy enclosure, and canopy volumetric advantages form the 
key structural basis for daytime street cooling. At night, however, the opposite trend was 
observed: the average contribution rate of two-dimensional indicators reached 65.8%, 
significantly higher than the 34.1% contributed by three-dimensional indicators, among which 
DBH showed the highest contribution, while GVI and TVF still maintained some influence. 
Overall, daytime street cooling mainly depends on the shading and transpiration cooling effects 
provided by three-dimensional structures, whereas nighttime conditions are more affected by 
two-dimensional coverage characteristics and the physical structure of trees. This suggests that 
the regulatory mechanism of street trees on the street thermal environment cannot be fully 
explained solely from planar canopy coverage or single-tree-scale indicators, and instead 
requires a comprehensive analysis from the coordinated perspectives of both two-dimensional 
and three-dimensional structures. 
(3) GVI, TVF, TCR, CV, TH, CW, and DBH are the key structural factors affecting street air 
temperature, but their cooling performance differs significantly between daytime and 
nighttime and shows a certain degree of spatial scale dependence. Correlation analysis showed 
that, except for LAI, most greening morphological and structural indicators were negatively 
correlated with air temperature during the daytime. Among them, TVF, TCR, GVI, CV, CW, and 
TH were most significantly related to Ta, indicating that these indicators are important factors 
affecting under-canopy microclimate regulation. At night, the correlations between these 
indicators and the thermal environment weakened overall. Among them, TCR was positively 
correlated with Ta, whereas GVI, DBH, TH, and TBH still showed certain cooling effects, 
indicating that nighttime thermal regulation is more closely related to canopy continuity, tree 
size, and spatial openness. Buffer analysis further showed that the influence of street-tree 
greening morphological and structural characteristics on air temperature has a clear spatial 
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scale dependence, with approximately 70–110 m being the optimal range, among which the 
best daytime fit was concentrated within 100–110 m, while nighttime conditions peaked at 
around 100 m. This indicates that the cooling performance of key structural factors does not 
occur only at the scale of individual trees or single points, but rather manifests as a spatially 
accumulated effect over a certain street-segment range. 
In summary, the regulation of the street thermal environment by street trees is closely related 
to their greening morphological and structural characteristics. Future optimization of street 
greening should shift from simply increasing canopy coverage to the coordinated configuration 
of two-dimensional and three-dimensional structures. For street segments with severe daytime 
heat exposure, priority should be given to increasing GVI, TVF, and CV to enhance canopy 
enclosure and transpiration cooling capacity. For street segments with a higher risk of 
nighttime heat retention, excessively high TCR and canopy continuity should be appropriately 
controlled to balance daytime cooling and nighttime heat dissipation. At the same time, 
optimization of the street thermal environment should not remain at the level of individual-
tree configuration, but should instead take street segments of around 100 m as the basic 
organizational unit and comprehensively consider the coordinated effects of street-tree 
structural characteristics. From the perspectives of two-dimensional and three-dimensional 
structures, this study reveals the differentiated regulatory patterns of street-tree greening 
morphological and structural characteristics on street air temperature and provides empirical 
evidence for street-greening optimization and climate-adaptive urban thermal environment 
design. 
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