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A B S T R A C T

Trees are the most important natural factor to alleviate the urban heat island effect and the latent 
heat flux (LE) they release contributes significantly to urban cooling. In this study, the model 
ENVI-met was used to study the influence of building geometry on the LE exchanged by trees at 
the block scale in compact urban areas. The building density (BD), building height (BH) and sky 
view factor (SVF) were used to characterize building geometry. The sensitivity of LE to building 
geometry was estimated by multi-linear regression analysis. The following conclusions were 
drawn:(1) the LE of trees is sensitive to building geometry, higher during daytime than night-time 
in winter and the higher during night-time than daytime in summer; (2) LE changes as expected 
across the seasons, with LE larger in summer; (3) The shade affects the LE of a tree by influencing 
the solar irradiance; (4) In winter the average LE of a single tree is larger with 0.06 than 0.12 
fractional vegetation cover (FVC). This study can provide useful leads towards further research to 
explore latent heat exchanges by trees at the street scale.

1. Introduction

The urban heat island (UHI) affects many millions of people in the world (Mohajerani et al., 2017) and has severe impacts on 
human health and urban environment (Heaviside et al., 2017). The UHI not only has enormous consequences for health and wellbeing 
of urban residents, but also increases energy use in urban areas in warm climate conditions (Martilli et al., 2020). Additionally, the UHI 
is also associated with increasing air pollution(Zheng et al., 2018). How to mitigate the urban excess heat to reduce the UHI concerns 
both researchers and urban planners.

Urban green space is an important nature-based solution to mitigate urban environmental and human health problems (Krayenhoff 
et al., 2021). Numerous studies based on remote sensing data and numerical modeling showed that urban green space can reduce 
urban surface and air temperature (Shiflett et al., 2017; Yang et al., 2022). Krayenhoff et al. (2021) defined the vegetation cooling 
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effectiveness as the temperature change caused by the added fractional vegetation cover (FVC). Vegetation mitigates the urban excess 
heat through transpiration and shading (Mariani et al., 2016). Alexander (2021) showed that where vegetation cover was increased 
from 0 to 5 % to 95–100 %, median values of land surface temperature (LST) decreased by 4.2 ± 0.8 ◦C. Zhang et al. (2022) showed 
that the green space reached the maximum cooling efficiency when building density(BD) was between 0.25 and 0.3. Chapman et al. 
(2018) showed that mean air temperature may increase by 2.2 ◦C to 3.8 ◦C in the absence of vegetation during a hot day in high density 
area in subtropical city (Brisbane, Australia). Erell and Zhou (2022) showed that mean annual urban air temperature may increase 
0.42 ◦C without vegetation. This means urban vegetation is very important for mitigating urban excess heat, even small vegetation 
patches. The cooling effect of different vegetation types varies: the cooling effect of trees is a function of intercepted sunlight and 
background climate, while grass has a smaller effect than trees(Gallay et al., 2023; Smith et al., 2023). Kim et al. (2024) showed that 
trees are 2–3 times more effective than grass, green roofs and walls to reduce local air temperature. Ouyang et al. (2023) evaluated 
three urban green infrastructure (GI) typologies, i.e. ground tree, green roof and green wall, showing that ground tree should be 
prioritized in terms of GI solutions. Liu et al. (2023a) showed that the cooling intensity of ground trees does not change significantly 
with building form, contrary to green roofs and vertical green walls. This means that urban three-dimensional green objects have 
beneficial impacts on urban cooling and the cooling effects of different green objects are impacted differently by building forms.

Radiative load in the urban 3D space is higher than in rural areas because of its structure and materials. The received radiative load 
can be dissipated as sensible and latent heat (Yang et al., 2023). Sensible heat increases surface and air temperature, while latent heat 
flux(LE) is important for urban excess heat mitigation (Singh et al., 2020). Urban trees increase heat dissipation by LE without 
increasing air and surface temperature because energy is used for the liquid to vapor phase transition (Ryu et al., 2016). The urban 
geometry changes the urban surface roughness, thus the turbulent exchange of heat, and this then affects both the sensible heat flux 
and LE. Narrow streets cast shadows on trees thus reducing solar irradiance and cooling by latent heat exchange (Chen et al., 2023).

However, it is often a challenge to observe a small vegetation patch in densely-built urban areas by using remote sensing images. 
The thermal infrared signal captured by remote sensing images is the result of surface-atmosphere interactions and it is an instan-
taneous recording(Li et al., 2020), making it challenging to retrieve information on the overall role of vegetation in urban cooling. 
Several studies showed that only when vegetation fraction is larger than 0.2, measurements of spectral radiance may reveal its 
presence(Hou et al., 2014). Yang et al. (2022) showed that vegetation has an impact on land surface temperature when its fractional 
abundance is higher than 0.2. On the other hand in dense urban areas, the street tree fractional abundance is very low. Such low 
vegetation fraction is difficult to observe using multi-spectral radiometric measurements. Previous studies have demonstrated that the 
effect of transpiration of vegetation patches at different sizes in urban areas on temperature changes is between 1 ◦C and 8 ◦C 
(Winbourne et al., 2020). Evapotranspiration can be estimated in large areas by remote sensing data, but its resolution is usually too 
coarse, given the spatial variability in the urban space at the level of streets or neighborhoods(Zou et al., 2019). The insufficient spatial 
resolution also causes errors in evapotranspiration estimates(Kowe et al., 2021). Vegetation still releases water vapor from leaves in 
very dense urban areas and has very important impacts on urban ecology and environment, but it cannot be estimated at low reso-
lution. Liu et al. (2017) showed that even at low FVC, ignoring tree evapotranspiration may lead to a serious underestimation of urban 
LE. To solve this problem, many studies used on-site monitoring methods to study the cooling efficiency of urban greenery (Gillner 
et al., 2015; Rashid et al., 2014), but it is difficult and expensive to monitor large areas(Ng et al., 2012). How the trees in densely-built 
areas exchange energy with the surrounding air is still not clear.

With the development of computer power, numerical simulation has become a popular method to investigate energy exchange 
between urban landscape elements and atmospheric boundary layer by numerical experiments(Li et al., 2023). Current models of 
urban climate allow a detailed representation of urban space, so that numerical experiments on the performance of alternate con-
figurations of the urban landscape can be carried out. The latter includes the evaluation of the contribution of urban trees to mitigate 
urban excess heat. Liu et al. (2020) showed that ENVI-met is the most accurate of three numerical simulation models, i.e. ENVI-met, 
RayMan, SOLWEIG, in calculating the urban radiation and heat balance. Accordingly, we chose to apply ENVI-met in this study. ENVI- 
met can simulate biophysical processes related to urban trees at high spatial resolution (Liu et al., 2018; Simon et al., 2018), and 
estimate the transpiration of trees.

A small change in low vegetation cover may only cause a small change in surface and air temperature. How the latent heat changes 
in response to a change in FVC and in background geometric characteristics is still not clear. Thus, this study will focus on changes in 
the LE exchange caused by a change in FVC under different geometry conditions, addressing the difficulty of observing street trees in 
compact urban areas. Considering the challenges in observing the low fraction of vegetation in dense urban areas, this study will 
explore urban geometry effects on LE of street trees relying on numerical experiments with ENVI-met. We evaluated two types of 
changes in LE: the ones due to building geometry and the ones due to changes in FVCs.

Using ENVI-met to simulate tree transpiration and its effects on the atmospheric boundary layer at high spatial resolution, this 
study aims to determine: (1) how the urban geometry affects the street-level tree LE? (2) how the street-level cooling effect of trees 
change with the vegetation fraction?

2. Methods

2.1. Study area

Hong Kong is located in a subtropical climate zone with hot and humid summers. Urban vegetation in Hong Kong is predominantly 
evergreen broad-leaved forest. The urban area of Hong Kong is concentrated in just 25 % of the total land area with very little FVC, and 
approximately 31 % of building heights are in the range of 20-60 m, with the street layout being regular in some areas. Hong Kong is 
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one of the highest urban density and population density in the world(Ouyang et al., 2020), making the urban heat island effect sig-
nificant. Urban greenery (i.e. ground trees, green roofs and walls) is a good way to mitigate the urban heat island.

2.2. ENVI-met model

ENVI-met is a prognostic three-dimensional microclimate model, based on the fundamental laws of fluid dynamics and thermo-
dynamics. ENVI-met simulates the interactions of the various elements in an urban space scenario with high spatial (0.5-10 m) and 
temporal (10s) resolution and it is widely used in urban micro-climate modeling(Sinsel, 2022). The vegetation canopy in ENVI-met is 
defined by using sub-grid elements having different leaf area density. In ENVI-met three core models connect with each other, 
including vegetation model, soil model and atmosphere model. ENVI-met can output heat fluxes, such as sensible heat flux and LE, and 
the details of how ENVI-met simulates the elements can be found in Simon (2016).

Many studies have used ENVI-met to study the cooling efficiency of trees, mainly as regards cover, type, and morphological 
characteristics(Wang et al., 2023).The vegetation model makes it possible to accurately simulate vegetation transpiration during a 
short or long period of time. Simon et al. (2018) compared transpiration rate between simulation and the actual measurement, showing 
that ENVI-met can evaluate transpiration accurately, thus the cooling efficiency of trees. Liu et al. (2018) showed that the tree model 
performs well in subtropical hot-humid climates. Thus, this study investigated the impacts of urban geometry on urban street trees 
cooling effects based on LE modelled by ENVI-met 5.6.1.

2.3. ENVI-met scenario setting and simulation

In this study, we selected 22.28◦N and 114.17◦E as the center of model scenarios of the study area. The weather forcing was defined 
using the meteorological data from the Hong Kong Observatory. According to data collected by the Hong Kong government, the 
average tree height in the Kowloon District of Hong Kong is 8.05 m and the crown diameter is 4.79 m (Wang et al., 2022), and most 
trees are evergreen broad-leaved. Basing on this information, we chose Ginkgo/Fan Leave Tree(young) in Albero as tree in the sce-
narios, because its height is 8.45 m, and the crown diameter is about 4.6 m. We did not apply tree calendar in all scenarios, thus it can 
be assumed the trees to be evergreen broad-leaved. Most roofs are made of concrete and walls are made of tiles, the road surface is 
mostly made of concrete in urban areas, and building materials were selected from the options available in ENVI-met 5.6.1 (Table 1).

We built 60*59*26 grid cells with 5 m resolution and added 4 boundary nesting grids in each horizontal direction to ensure the 
stable operation of the model, thus the total simulated grids were 68*67*26, but nesting grids are not included when the result data are 
analyzed in study area. To avoid buildings being too close to the boundaries of the scene, we defined some grids around the scene 
without buildings and trees, but this causes the sky view factor (SVF) to be high, so these grids were not included in the regressions with 
SVF.

We simulated LE in summer and winter to compare the seasons. Two vegetation patterns were considered in the scenes, one with 
436 trees and the other with 216 trees with different FVC. The impacts of building geometry on the LE of trees were investigated by 
changing the geometry of the buildings. 12 buildings were placed in the scenes, ranging in building height (BH) from 20 to 60 m, length 
from 30 to 70 m and width from 10 to 50 m, decreasing in steps of 10 m (Fig. 1). To better explain the impact of building geometry on 
LE of trees, the parameters of each building and street width in the same scene were the same, and four scenes without buildings were 
created. Totally 104 scenes were built in this study.

In this study, BD, BH and SVF were used to account for building geometry. For the 100 scenarios with buildings, we established 

Table 1 
Parameters applied in the scenarios evaluated in the numerical experiments by ENVI-met.

Parameters Input

Simulation start day in summer 2015-07-11
Simulation start day in winter 2015-12-28
Simulation duration 37 h
Start time 12:00(UTC + 8)
Boundary condition Full Forcing
Clouds 0
Initial air temperature in summer 31.5 ◦C
Initial air temperature in winter 17.3 ◦C

Soil humidity

65 % (0-20 cm)
70 % (20-50 cm)
75 % (50-200 cm)
75 % (below 200 cm)

Soil temperature

20 ◦C(0-20 cm)
20 ◦C(20-50 cm)
19 ◦C(50-200 cm)
18 ◦C(below 200 cm)

Roof concrete wall
Wall roof: tile
Road concrete pavement gray
Tree Ginkgo/Fan Leave Tree(young)
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multiple linear regressions between LE and the two factors (i.e. BH, BD), and univariate linear regression of LE and SVF to estimate the 
sensitivity of LE to building geometry. Before the analysis, we also normalized all parameters to facilitate subsequent analysis. We used 
the slopes of the multiple linear regression equation and the univariate linear regression equation as a metric of the response 
(sensitivity) of LE to building geometry. When the slope is positive and greater than 0 that the LE increases with the increase of building 
geometry, while when it is less than 0, it is the opposite.

The input meteorological values for ENVI-met simulation scenarios were the same in the same season, and soil conditions were 
default in ENVI-met. Tree parameters and urban materials were the same in all scenarios (Table 1). Full forcing was used in the 
simulations because Hong Kong Observatory provided meteorological data during the simulation times. These avoid differences in 
output results due to the difference of input meteorological data, urban materials and parameters of tree within the model.

Fig. 1. Based on the BD in scene a to scene j changing the BH (20-60 m, step 10 m), scene k and scene l are without buildings.
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3. Results

3.1. Relationship between LE and LT

The results of the ENVI-met simulations were used to assess the response of LE and leaf temperature (LT) to vegetation cover and 
the geometry of the urban space. The relationship between LE and LT in daytime shows that LE increases as the temperature increases, 
but LE reaches the maximum value at about 32.5 ◦C (Fig. 2(a)). LE reaches the maximum value in winter at 22.5 ◦C because of net 
radiation and temperature limitations. This is because the vegetation receives more net radiation in summer which increases the 
energy available for transpiration and evaporation. Sensible heat flux also increases with higher surface temperature, and increases the 
air and surface temperature. In summer around noon, the high irradiance makes the sensible heat flux to increase and then the air and 
surface temperature increase. An increase of LT and vapor pressure deficit (VPD)increases sharply the leaf resistance (rs) (Fig. 2 (b)). 
Fig. 2 (b) shows that there is a nonlinear relationship between LT and stomatal resistance. Overall, the stomatal resistance clearly 
increases with increasing LT up to 50 ◦C. Fig. 2 (c) shows that rs is increasing in the morning and it is opposite in the afternoon. This is 
because with the increase of solar radiation, the sensible heat flux of the trees is increasing, resulting in an increase in leaf surface 
temperature and air temperature. This also leads to increased stomatal resistance of the leaves. With the increase of stomatal resis-
tance, the LE of trees is reduced, and then LT increases.

3.2. Variation of LE during daytime

Fig. 3 shows that the seasonal variation of LE is similar for both 0.12 and 0.06 FVC, with bimodal and unimodal patterns in summer 
and winter, respectively. This may be due to the increase of stomatal resistance or even closure due to higher temperature and larger 

Fig. 2. (a)the relationship between daytime LE and LT in summer(green) and in winter(orange); (b)the relationship between LT and rs; (c) the 
average change of rs from 8:00 to 18:00 in summer.

L. Zhu et al.                                                                                                                                                                                                             Urban Climate 58 (2024) 102147 

5 



VPD in summer after noon (Fig. 2(c)). In summer, the peak occurs after sunrise and a few hours before sunset, and the trough occurs a 
few hours after noon, which happens to be the peak in winter.

The LE from 0:00 to sunrise is negative in summer (condensation). The diurnal variation of LE in summer is large and may reach the 

Fig. 3. LE of trees (W/m2) (a)LEsα is 0.12FVC in summer(green); (b) LEsβ is 0.06FVC in summer(purple); (c)LEwα is 0.12FVC in winter(blue); (d)LEwβ 

is 0.06FVC in winter(pink). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 4. Multiple linear regression slope of BH (gray) and BD (red), R2 (blue)and shades to scene area ratio (SDR) (green)at daytime (a)LEsα; (b) LEsβ; 
(c)LEwα; (d)LEwβ. (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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maximum of 269 W/m2 and 259 W/m2 for the two FVCs, respectively, while the maximum LE is only 143 W/m2 and 147 W/m2 in 
winter. Irradiation is greater in summer than in winter, which causes seasonal differences in LE of trees.

3.3. The relationship between building geometry and LE

The daily change in the sensitivity of summer LE to BH and BD shows a ‘W’ shape (Fig. 4(a) and (b)). This is due to the high 
irradiance in the daytime of summer, which causes the increase of LT and the closure of leaf stomata. The scenarios for the two FVCs at 
nighttime show a positive correlation between LE and BH/BD, and the change in the sensitivity of LE is smooth. There is a difference in 
the sensitivity of LE in daytime compared to nighttime. During the daytime, this trend is clear, especially between 12:00 and 16:00. 
From 8:00 to 11:00 and 16:00 to 18:00, there is a negative correlation between LE and BH/BD, and the rate of change gradually 
decreases and transitions to a positive correlation. From 12:00 to 16:00, there is a positive correlation, but the rate change of LE is 
fluctuant (Fig. 4 (a)). Fig. 4 (a) shows that R2 between LE and BD/BH, which is below 0.5 at 11:00,13:00 and 19:00. R2 is below 0.5 at 
7:00,13:00,16:00 and 19:00(Fig. 4 (b)). LE may be influenced by stomatal resistance and meteorological disturbances in response to 
fast changes in forcing variables at fast sunrise and sunset.

Fig. 4(c) and (d) show that the daily change in the sensitivity of winter LE to BH and BD shows a ‘U’ shape. It is clear that the change 
in the sensitivity of LE at daytime is smoother in winter than in summer, due to lower irradiance and temperature. There is a negative 
correlation at daytime and the opposite at nighttime (Fig. 4 (c) and (d)). The change in the sensitivity of LE is smooth at daytime and 
fluctuant at nighttime. There is a positive correlation between LE and BH, but a negative correlation between LE and BD, and R2 is 
lower than 0.5 at 5:00–7:00(Fig. 4(c) and (d)). LE may be influenced by low temperature.

Fig. 5 (a) and (b) show that the daily evolution of the sensitivity of summer LE to SVF has an “M” shape. It is clear that high 
irradiance and temperature cause instability in summer daytime LE. The sensitivity of LE fluctuates sharply during daytime and 
fluctuates smoothly during nighttime. Fig. 5(a) shows that there is negative correlation at nighttime and from 12:00 to 15:00, but is 
reversed at other times. The sensitivity rate of summer LE with SVF fluctuates sharply from 12:00 to 15:00. There is negative cor-
relation during nighttime and from 11:00 to 16:00, but reversed at other times (Fig. 5(b)). R2 is below 0.5 mainly at 13:00, 
15:00–16:00, 19:00 at 0.12 FVC, and at 7:00,13:00, 15:00–16:00, 19:00 at 0.06 FVC. SVF plays little role in LE during the day because 
of stomatal resistance. LE is influenced by meteorological disturbances in response to fast changes in forcing variables at sunrise and 
sunset, and stomatal resistance in the afternoon.

Fig. 5 (c) and (d) show that the daily evolution of the sensitivity of winter LE to SVF has an inverted “U” shape. Without the 
limitation of high irradiance, the sensitivity of LE would be more stable after noon. In winter, there is a positive correlation at daytime 
and the opposite at other times (Fig. 5(c) and (d)). Fig. 5(d) shows a positive correlation at 5:00. The sensitivity of LE does not fluctuate 

Fig. 5. Univariate linear regression slope of SVF (red), R2 (gray)and SDR (blue) at daytime(a)LEsα; (b) LEsβ; (c) LEwα; (d)LEwβ. (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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during daytime, but it is the opposite during nighttime. R2 is below 0.5 for two FVCs settings at 1:00, 3:00, 5:00–7:00, and 20:00. LE 
may be influenced by low temperature in the evening and the unstable changes before sunrise.

Fig. 4 and Fig. 5 show that shaded areas decrease in the morning and increase in the afternoon in summer and winter, while shaded 
areas are small around noon. The shaded areas are greater in winter than summer, meaning that irradiance is higher in summer than 
winter. Due to high sun altitude angle around summer noon, the higher BH and the greater BD can provide more shades, which is 
conducive to the increase of LE.

We compared the R2 of the multiple linear regression with the R2 of the univariate linear regression analysis. It can be seen that the 
combined effect of BH and BD is a stronger driver of LE than SVF. Moreover, comparing the absolute values of the slopes for BD and BH 
in the multiple regression analysis, it was found that the influence of BD is greater than BH. In summer the sensitivity gradually 
decreases in the morning. Because the sun altitude angle increases with time, the solar radiation received by trees increases. According 
to the slope of regression analysis, the influence of building geometry on the LE of trees is greater during winter daytime than summer 
daytime.

3.4. The difference between shadow and no shadow

We paired the shadows with the position of the trees to distinguish between the shaded and the sunlit trees. During the summer day, 
after sunrise and a few hours before sunset, the LE of trees in the shaded area is lower than that in the sunlit area, and the reverse is true 
at noon. In winter, the LE of shaded trees is significantly lower than that of sunlit trees (Fig. 6). It shows that solar radiation does indeed 
affect LE of trees.

3.5. LE of the difference between buildings and no buildings

To study the influence of buildings on LE, it was calculated whether there was a difference related to buildings expressed as: 

ΔLE = LEwb − LEb (1) 

LEwb is LE without buildings, and LEbis LE with buildings. As can be seen from Fig. 7, during the summer daytime this difference 
appears to be positive a few hours after sunrise and before sunset, and at noon it is mostly negative. In winter, the difference is positive, 
which also indicates that the building reduces the LE of trees in winter by reducing the tree absorption of solar radiation through 
shading caused by the low sun elevation (Fig. 7).

3.6. The impact of FVC on LE

In the cases with the same building geometry, the LE estimated for tree in the 0.12 and 0.06 FVC scenarios at the same location were 
compared. 

ΔLE = LE0.12FVC − LE0.06FVC (2) 

where LE0.12FVC and LE0.06FVC are average LE of tree with FVC = 0.12 and 0.06 at the same location, respectively. In summer, the 
average LE of tree for the FVC = 0.12 case is greater than for FVC = 0.06 from 9:00 to 12:00, with the difference exceeding 60 W/m2 at 
times. In the afternoon, this difference is much smaller. In winter, this difference is negative in most cases, indicating that the increase 
in FVC reduced the average LE of tree at the same location (Fig. 8(a)).

In the case of the same building geometry, the difference in average LE in the scenarios was calculated as: 

ΔLE = LEα − LEβ (3) 

Fig. 6. LE in sunlit trees(green) and shaded trees(purple) (a)summer; (b)winter. (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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LEα is the average LE for 0.12 FVC, LEβ is the average LE for 0.06 FVC. As can be seen from Fig. 8(b), LEα is higher than LEβ several 
hours after sunrise in summer. As the FVC increases, the LE increases in summer, but the average LE is lower in winter. This means that 
the effect of increasing tree cover on average LE is different across seasons in different time.

4. Discussion

The cooling effect of trees is mainly determined by two factors: shading and evapotranspiration (Smith et al., 2021), but the factors 
affecting the evapotranspiration of trees are very complicated (Jin et al., 2022).Tree evapotranspiration is affected by solar radiation, 
air temperature, humidity, and soil moisture (Mu et al., 2021). These changes will cause changes in LE. The solar radiation in urban 
areas is affected severely by urban geometry. Additionally, the urban geometry also changes the urban roughness length. Both affect 
the urban vegetation energy exchange and LE. Additionally, the cooling effects of street trees in dense urban areas are little discussed 
because they are relatively difficult to observe by thermal infrared remote sensing. Thus, this study focused on the influence of building 
geometry on LE of street trees using the ENVI-met.

Evaporation from water bodies and swamps, as well as transpiration from forests and grasslands, are natural processes that create 
LE, providing cooling services in urban areas(Park et al., 2021). Water body can create more LE in the same area, but water is less 
distributed in high density urban areas(Park et al., 2021). Kong et al. (2023) showed that mean LE is close to 0 in urban areas because 
of the widespread presence of impervious surfaces. This finding underscores the importance of sources of LE, such as vegetation 
transpiration, which becomes a significant contribute to the urban LE. Therefore, vegetation transpiration accounts for a significant 
portion of total urban LE, which may include the contributions of soil and open water evaporation (Ding et al., 2023). The balance of 
radiative and convective fluxes at leaf level determines the LT (Fig. 2(a)). It is found that the LE reaches the peak when LT reaches 
around 32.5 ◦C. This is because LE decreases due to multiple stress factors, thus sensible heat flux increases to dissipate the high net 
radiation in summer. Then both air and LT increase. Too high LT leads to an increase in stomatal resistance of the leaves and lower LE 

Fig. 7. The difference between LE without buildings and with buildings in summer (orange) and in winter(green). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. (a)LE difference at the same location; (b) average LE difference caused by FVC.
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(Fig. 2(b)). This means that the cooling effect of the LE of street trees in dense urban areas under extreme high temperature is less than 
under non-extreme high temperature conditions.

In the process of growing, trees need to absorb water from the soil to ensure high transpiration (Marx et al., 2022). In summer, the 
transpiration of trees is strong, and soil water uptake increases, which will lead to the decrease of soil moisture (Abdallah et al., 2020; 
Liu et al., 2023b). Trees transpiration increases and the soil moisture decreases in the morning, which influences transpiration of trees 
and then may cause low LE in the afternoon. Impervious surface and weather conditions affect the recovery of soil water content (Fini 
et al., 2022). Therefore, urban trees need adequate irrigation to ensure that the cooling effect of the tree can be better harnessed.

The peak of LE of trees is at different times in the two seasons because trees receive more solar radiation in summer than in winter 
(Wallenberg et al., 2020). Trees absorb solar radiation for a short period of time and begin to warm, transpiration occurs, peaking a few 
hours after sunrise. Due to the large sun altitude angle in summer, the building geometry can provide short or even no shade at noon. 
To avoid losing too much water at noon, trees increase stomatal resistances and transpiration will decrease, but it will lead to high LT 
(Simon, 2016). Persisting high LT will lead to closure of stomata to prevent further loss of water (Meili et al., 2021), so LE is low after 
noon. The high transpiration of vegetation during the morning in summer may lead to the decrease of soil water content (Abdallah 
et al., 2020; Liu et al., 2023b) and the decrease of LE in the afternoon. As the temperature continues to drop and water potential of the 
trees gradually recovers (Feng et al., 2022), the leaves begin to transpire again, and there is a second peak appearing before sunset, but 
it is significantly lower than the first peak. On summer nights the LE is negative, meaning that condensation takes place (dew for-
mation) (Meili et al., 2021). In winter, the trees receive less solar radiation, and the leaves warm slowly, so that they reach the highest 
temperature of the day around noon, when the LE is the largest. However, in winter, trees do not reach the conditions for maximum LE 
(Feng et al., 2022). The reason is that the solar radiation and net radiation in winter are lower, thus smaller sensible and LE heat flux. 
Thus, the maximum LE of street trees occurs at around 10:00 to 11:00 in summer (Fig. 3).

Solar radiation is an important factor affecting tree transpiration (Huang et al., 2022), and shade affects the solar irradiance 
absorbed by a tree. The trend of sun elevation angle increases in the morning and decreases in the afternoon during daytime, the solar 
irradiance has the same change trend and the shaded areas have opposite trends in summer and winter, but solar irradiance and LE are 
greater in summer than winter. The building geometry increases will lead to more facades being sunlit, and then larger shadows on the 
ground. The comparison of shaded and sunlit trees also shows that shade reduces or increases the LE of trees over a certain period of 
time. Shade can affect the cooling effect of vegetation (Wang et al., 2024), especially a few hours after sunrise in summer. Compared to 
no shade, shade can cool trees during the summer noon period, since only the diffuse fraction of solar irradiance reaches leaves in 
shaded areas. However, the short time in the shade cannot bring long-term and effective cooling to the leaves, so the cooling effect 
brought by transpiration is not large at this time. Due to the lower sun elevation trees are longer in the shade in winter than in summer, 
which makes them receive less solar radiation than in areas without shade, which also causes trees in shaded areas to transpire more 
and warm more slowly than trees in areas without shade. Even on a small scale the impact of canopy architectural shading on the LE 
cannot be ignored. In subtropical regions, trees oriented in a N-S direction receive less solar irradiance in summer than E-W trees. In 
winter, trees oriented in a E-W direction receive less solar irradiance than N-S trees. Therefore, in the layout of the tree, we should 
consider the orientation of tree lines. To improve the ability to cool in extreme weather, trees should be planted in the pavements to 
provide shade, and trees can also provide good cooling on summer nights(Wang et al., 2018). Nowadays, there are many reflective 
materials used in the urban space (Yang et al., 2015), which allow to increase irradiance onto trees in shaded patches.

Buildings in urban space can create large shades and reduce significantly solar irradiance onto trees in summer several hours after 
sunrise and several hours before sunset(Fig. 4 and Fig. 5), which gives a large LE and sensible heat flux difference between patches with 
buildings and those without buildings. At noon in summer, when sun elevation is very high solar radiation is the highest, shaded patch 
area of buildings is small and surface temperatures, air temperatures and LT gradually increase. High temperature is one reason that 
forces closure of the stomata, thus reducing the transpiration (Yu et al., 2024). However, there is a time difference between the 
maximum LE and the maximum solar radiation, at which point the ability to lower the ambient temperature is reduced as LE decreases 
(Johansson et al., 2013). The sensible heat flux becomes gradually greater than the LE and even dominates, and this is one effect of the 
low LE after noon (Fig. 3(a) and (b)). In winter, when there is no building, trees get more solar irradiance, while the shielding of trees 
by buildings reduces solar irradiance onto tree leaves (Jiao et al., 2021). Thus the sensible heat flux and LE of trees without building is 
higher than when there is a building. Due to the lower temperature in winter, the temperature of the leaves is also relatively low, thus 
avoiding stomatal closure, but the transpiration effect is less than in summer. It can be seen that the shelter of the building reduces the 
solar irradiance in winter, and also reduces the sensible heat flux and LE of the trees. Urban buildings on the sunny side absorb a large 
amount of solar radiation, causing the wall to warm (Nugroho et al., 2022), while the emitted radiation will be absorbed by the 
surrounding trees, increasing the temperature of the trees. However, in terms of tree cooling efficiency, buildings have a greater impact 
in summer than in winter.

The influence of different building geometry on LE is different. The influence of BD on LE is larger than BH. The height of the 
building affects the length of the shade, but when the BH reaches a certain height, even if the BH is increased, it will not have a great 
impact on solar irradiance onto tree leaves. On streets of different densities, however, trees of different orientations at the right time 
can also absorb solar irradiance (Loibl et al., 2021). The higher BH and greater BD cast larger shadows around summer noon, then LE is 
higher (Fig. 4 and Fig. 5). BH, BD, and trees affect SVF, which can demonstrate the effect of building geometry on LE, and large SVF 
increases solar irradiance compared with small SVF(Kim et al., 2022). The poor correlation between LE and SVF during part of the 
summer daytime may be due to high temperature and increase of stomatal resistance. High density and tall buildings can cast large 
shadows on the ground, and the cooling capacity of trees is very weak in these conditions. It is clear that the lower SVF reduces the loss 
of long-wave radiation(Lin et al., 2010), leading to warming during the night, which increases the LE during the night with the 
decrease of SVF(Fig. 5). To make the trees play a cooling role, the trees should be kept away from the buildings according to the 
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building layout of the area and the direction of the sun. This allows for good ventilation and allows the tree to receive solar irradiance 
at the right time.

After understanding the relationship between building geometry and LE of trees, it is necessary to understand the possible reasons 
for the difference related to vegetation coverage. The increase of FVC in winter increases the total LE, but the average LE decreases. 
Probably because when vegetation cover is high in winter, the solar irradiance on lower level leaves is reduced (Zhang et al., 2021), 
with a resulting impact on weakened transpiration. Adding trees reduces the spacing between trees and enhances heat exchange 
between trees in summer and winter, which may lead to an increase in LE some of the time. The average LE may be different under 
different FVC, however, and the LE in the whole scenario is still very large. However, multiple studies showed that the increase of trees 
will reduce the albedo, which may play a role in warming, thus the trees should be rationally arranged (Wu et al., 2024).

Building geometry has important impacts on LE of vegetation, with the value of LE depending on local climate conditions and 
vegetation type. In this study, airflow is facilitated by the orderly arrangement of buildings. However, high BH and BD will reduce the 
performance of natural ventilation and decrease airflow(Guo et al., 2023), and there is a difference in the wind speed in the E-W 
direction and the N-S direction in the streets, depending on the prevailing wind direction in the local area. The building geometry 
affects the distribution of temperature by influencing the distribution of solar radiation and the wind flow and then change the surface 
energy exchange in urban areas, e.g. LE. Due to the subtropical nature of this study area, with evergreen leaves, it can also be quantified 
as high latitude summer LE. And the high temperature conditions in summer may not exist in every region.

This study has some limitations. ENVI-met overestimates leaf surface temperature and underestimates water vapor flux at midday 
in summer (Liu et al., 2018), this is one reason why LE is low at that time. ENVI-met underestimates transpiration in the evening and 
during night(Simon et al., 2018), this may be one reason why transpiration is low at these times. Cloud cover is an influential factor 
that affects the amount of solar radiation reaching the ground. In this study, the cloudless setting will cause the solar radiation to be 
higher than under cloudy conditions. In some scenarios, the building layout may not be realistic. The location of the case-study is in the 
subtropics, and the values of transpiration of the trees may be different in different regions (i.e. high latitude area). Representing the 
seasons only by a certain day in summer and winter does not illustrate the variability in LE during the seasons. One type of tree was 
used in this study, but there are differences in LE among different tree species and crown density conditions. We did not evaluate the 
results of the numerical experiments with in-situ observations. Sensible heat flux is important for urban energy exchange, and urban 
geometry also affects sensible heat flux and thus surface energy balance. The impact of urban geometry on the ratio of sensible heat 
flux to LE (Bowen Ratio), will be further explore in future work.

5. Conclusions

In this study, we used ENVI-met to create 104 scenes to explore the impact of building geometry on the LE of street-scale vegetation, 
and drew the following conclusions by comparing different seasons.

LE is a crucial factor in the regulation of urban climate. LE exhibits seasonal variability, with a bimodal pattern in summer and a 
unimodal pattern in winter, and it is higher in summer. However, LE decreases during certain periods in summer, necessitating a 
rational arrangement of trees and adequate irrigation. Trees significantly enhance their cooling performance in hot summers. 
Generally, BH and BD reduce LE, while differences in FVC lead to variations in the average LE of trees across scenarios.

This study acknowledges inherent limitations, particularly in its approach to set building geometry, where a regular street layout 
and same building sizes were employed. However, urban landscapes are inherently diverse, and such irregular may not accurately 
represent all areas, potentially skewing the results in regions with distinct characteristics. This study was confined to cloudless con-
ditions, which overlooks the impact of varying cloud cover on the outcomes. We will make improvement in future study.

ENVI-met is an important means to investigate the LE of trees at the microscopic scale, which can make up for the insufficient 
spatial resolution of current thermal infrared remote sensing data. It is to be expected that current model limitations, including un-
derestimates transpiration and overestimates LT in some times, but they will be overcome in the near future.
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Johansson, E., Spangenberg, J., Gouvêa, M.L., Freitas, E.D., 2013. Scale-integrated atmospheric simulations to assess thermal comfort in different urban tissues in the 

warm humid summer of São Paulo, Brazil. Urban Clim. 6, 24–43.
Kim, J., et al., 2022. The effect of extremely low sky view factor on land surface temperatures in urban residential areas. Sustain. Cities Soc. 80, 103799.
Kim, J., Khouakhi, A., Corstanje, R., Johnston, A.S., 2024. Greater local cooling effects of trees across globally distributed urban green spaces. Sci. Total Environ. 911, 

168494.
Kong, J., et al., 2023. Understanding the impact of heatwave on urban heat in greater Sydney: temporal surface energy budget change with land types. Sci. Total 

Environ. 903, 166374.
Kowe, P., Mutanga, O., Odindi, J., Dube, T., 2021. Effect of landscape pattern and spatial configuration of vegetation patches on urban warming and cooling in Harare 

metropolitan city, Zimbabwe. GISci. & Remote Sens. 58 (2), 261–280.
Krayenhoff, E.S., et al., 2021. Cooling hot cities: a systematic and critical review of the numerical modelling literature. Environ. Res. Lett. 16 (5), 053007.
Li, J., et al., 2020. A review of remote sensing for environmental monitoring in China. Remote Sens. 12 (7), 1130.
Li, Z., et al., 2023. Effects of urban tree planting on thermal comfort and air quality in the street canyon in a subtropical climate. Sustain. Cities Soc. 91, 104334.
Lin, T.-P., Matzarakis, A., Hwang, R.-L., 2010. Shading effect on long-term outdoor thermal comfort. Build. Environ. 45 (1), 213–221.
Liu, X., Li, X.-X., Harshan, S., Roth, M., Velasco, E., 2017. Evaluation of an urban canopy model in a tropical city: the role of tree evapotranspiration. Environ. Res. 

Lett. 12 (9), 094008.
Liu, Z., Zheng, S., Zhao, L., 2018. Evaluation of the ENVI-met vegetation model of four common tree species in a subtropical hot-humid area. Atmosphere 9 (5), 198.
Liu, D., Hu, S., Liu, J., 2020. Contrasting the performance capabilities of urban radiation field between three microclimate simulation tools. Build. Environ. 175, 

106789.
Liu, A., Ma, X., Du, M., Su, M., Hong, B., 2023a. The cooling intensity of green infrastructure in local climate zones: a comparative study in China’s cold region. Urban 

Clim. 51, 101631.
Liu, W., et al., 2023b. Transpiration rates decline under limited moisture supply along hillslopes in a humid karst terrain. Sci. Total Environ. 894, 164977.
Loibl, W., et al., 2021. Effects of densification on urban microclimate—a case study for the city of Vienna. Atmosphere 12 (4), 511.
Mariani, L., et al., 2016. Climatological analysis of the mitigating effect of vegetation on the urban heat island of Milan, Italy. Sci. Total Environ. 569, 762–773.
Martilli, A., Krayenhoff, E.S., Nazarian, N., 2020. Is the urban Heat Island intensity relevant for heat mitigation studies? Urban Clim. 31, 100541.
Marx, C., Tetzlaff, D., Hinkelmann, R., Soulsby, C., 2022. Seasonal variations in soil–plant interactions in contrasting urban green spaces: insights from water stable 

isotopes. J. Hydrol. 612, 127998.
Meili, N., et al., 2021. Tree effects on urban microclimate: diurnal, seasonal, and climatic temperature differences explained by separating radiation, 

evapotranspiration, and roughness effects. Urban For. Urban Green. 58, 126970.
Mohajerani, A., Bakaric, J., Jeffrey-Bailey, T., 2017. The urban heat island effect, its causes, and mitigation, with reference to the thermal properties of asphalt 

concrete. J. Environ. Manag. 197, 522–538.
Mu, M., et al., 2021. Exploring how groundwater buffers the influence of heatwaves on vegetation function during multi-year droughts. Earth Syst. Dynam. Discuss. 

2021, 1–29.
Ng, E., Chen, L., Wang, Y., Yuan, C., 2012. A study on the cooling effects of greening in a high-density city: an experience from Hong Kong. Build. Environ. 47, 

256–271.
Nugroho, N.Y., Triyadi, S., Wonorahardjo, S., 2022. Effect of high-rise buildings on the surrounding thermal environment. Build. Environ. 207, 108393.
Ouyang, W., Morakinyo, T.E., Ren, C., Ng, E., 2020. The cooling efficiency of variable greenery coverage ratios in different urban densities: a study in a subtropical 

climate. Build. Environ. 174, 106772.
Ouyang, W., et al., 2023. How to quantify the cooling effects of green infrastructure strategies from a spatio-temporal perspective: experience from a parametric study. 

Landsc. Urban Plan. 237, 104808.

L. Zhu et al.                                                                                                                                                                                                             Urban Climate 58 (2024) 102147 

12 

http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0005
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0005
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0010
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0010
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0015
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0015
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0020
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0020
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0025
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0030
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0030
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0035
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0035
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0040
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0045
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0045
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0050
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0050
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0055
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0060
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0060
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0065
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0065
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0070
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0075
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0080
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0080
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0085
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0085
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0090
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0095
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0095
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0100
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0100
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0105
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0105
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0110
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0115
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0120
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0125
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0130
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0130
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0135
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0140
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0140
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0145
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0145
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0150
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0155
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0160
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0165
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0170
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0170
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0175
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0175
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0180
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0180
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0185
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0185
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0190
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0190
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0195
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0200
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0200
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0205
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0205


Park, C.Y., Park, Y.S., Kim, H.G., Yun, S.H., Kim, C.-K., 2021. Quantifying and mapping cooling services of multiple ecosystems. Sustain. Cities Soc. 73, 103123.
Rashid, Z.A., Al Junid, S.A.M., Thani, S., 2014. Trees’ cooling effect on surrounding air temperature monitoring system: implementation and observation. Int. J. 

Simulat.: Syst. Sci. Technol. 15 (2), 70–77.
Ryu, Y.-H., Bou-Zeid, E., Wang, Z.-H., Smith, J.A., 2016. Realistic representation of trees in an urban canopy model. Bound.-Layer Meteorol. 159, 193–220.
Shiflett, S.A., et al., 2017. Variation in the urban vegetation, surface temperature, air temperature nexus. Sci. Total Environ. 579, 495–505.
Simon, H., 2016. Modeling Urban Microclimate: Development, Implementation and Evaluation of New and Improved Calculation Methods for the Urban Microclimate 

Model ENVI-Met. Univ., Diss, Mainz, p. 2016.
Simon, H., et al., 2018. Modeling transpiration and leaf temperature of urban trees–a case study evaluating the microclimate model ENVI-met against measurement 

data. Landsc. Urban Plan. 174, 33–40.
Singh, R., Paramanik, S., Bhattacharya, B., Behera, M.D., 2020. Modelling of evapotranspiration using land surface energy balance and thermal infrared remote 

sensing. Trop. Ecol. 61, 42–50.
Sinsel, T., 2022. Advancements and Applications of the Microclimate Model ENVI-Met. Johannes Gutenberg-Universität Mainz, Mainz. 
Smith, I.A., et al., 2021. A satellite-based model for estimating latent heat flux from urban vegetation. Front. Ecol. Evol. 9, 695995.
Smith, I.A., Fabian, M.P., Hutyra, L.R., 2023. Urban green space and albedo impacts on surface temperature across seven United States cities. Sci. Total Environ. 857, 

159663.
Wallenberg, N., Lindberg, F., Holmer, B., Thorsson, S., 2020. The influence of anisotropic diffuse shortwave radiation on mean radiant temperature in outdoor urban 

environments. Urban Clim. 31, 100589.
Wang, C., Wang, Z.H., Yang, J., 2018. Cooling effect of urban trees on the built environment of contiguous United States. Earth’s Future 6 (8), 1066–1081.
Wang, Z., et al., 2022. Modelling and optimizing tree planning for urban climate in a subtropical high-density city. Urban Clim. 43, 101141.
Wang, H., et al., 2023. The effects of tree canopy structure and tree coverage ratios on urban air temperature based on ENVI-met. Forests 14 (1), 80.
Wang, Q., et al., 2024. Urban form affects the cool island effect of urban greenery via building shadows. Build. Environ. 111398.
Winbourne, J.B., et al., 2020. Tree transpiration and urban temperatures: current understanding, implications, and future research directions. BioScience 70 (7), 

576–588.
Wu, S., et al., 2024. Satellite observations reveal a decreasing albedo trend of global cities over the past 35 years. Remote Sens. Environ. 303, 114003.
Yang, J., Wang, Z.-H., Kaloush, K.E., 2015. Environmental impacts of reflective materials: is high albedo a ‘silver bullet’for mitigating urban heat island? Renew. Sust. 

Energ. Rev. 47, 830–843.
Yang, J., et al., 2022. Characterizing the thermal effects of vegetation on urban surface temperature. Urban Clim. 44, 101204.
Yang, J., et al., 2023. Impacts of urban morphology on sensible heat flux and net radiation exchange. Urban Clim. 50, 101588.
Yu, Z., et al., 2024. Enhanced observations from an optimized soil-canopy-photosynthesis and energy flux model revealed evapotranspiration-shading cooling 

dynamics of urban vegetation during extreme heat. Remote Sens. Environ. 305, 114098.
Zhang, Y., Balzter, H., Li, Y., 2021. Influence of impervious surface area and fractional vegetation cover on seasonal urban surface heating/cooling rates. Remote Sens. 

13 (7), 1263.
Zhang, Q., Zhou, D., Xu, D., Rogora, A., 2022. Correlation between cooling effect of green space and surrounding urban spatial form: evidence from 36 urban green 

spaces. Build. Environ. 222, 109375.
Zheng, Z., et al., 2018. Relationship between fine-particle pollution and the urban Heat Island in Beijing, China: observational evidence. Bound.-Layer Meteorol. 169 

(1), 93–113.
Zou, Z., Yang, Y., Qiu, G.Y., 2019. Quantifying the evapotranspiration rate and its cooling effects of urban hedges based on three-temperature model and infrared 

remote sensing. Remote Sens. 11 (2), 202.

L. Zhu et al.                                                                                                                                                                                                             Urban Climate 58 (2024) 102147 

13 

http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0210
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0215
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0215
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0220
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0225
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0230
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0230
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0235
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0235
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0240
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0240
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0245
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0250
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0255
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0255
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0260
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0260
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0265
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0270
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0275
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0280
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0285
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0285
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0290
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0295
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0295
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0300
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0305
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0310
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0310
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0315
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0315
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0320
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0320
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0325
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0325
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0330
http://refhub.elsevier.com/S2212-0955(24)00344-4/rf0330

	Street trees: The contribution of latent heat flux to cooling dense urban areas
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 ENVI-met model
	2.3 ENVI-met scenario setting and simulation

	3 Results
	3.1 Relationship between LE and LT
	3.2 Variation of LE during daytime
	3.3 The relationship between building geometry and LE
	3.4 The difference between shadow and no shadow
	3.5 LE of the difference between buildings and no buildings
	3.6 The impact of FVC on LE

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	References


