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A B S T R A C T   

The tree coverage of a green space strongly influences its cooling effects; however, knowledge about how the 
cooling capacity extends beyond a given green space remains limited, along with how modifications to micro- 
topography affect local thermal environments. Here, we aimed to clarify the cooling effects within and 
beyond a green space by systematically evaluating differing tree coverage and micro-topographic conditions. 
Specifically, idealized scenarios were designed and simulated using the micro-climate model ENVI-met. We 
found that both canopy size and tree number clearly influenced thermal environment conditions within and 
outside a green space during the daytime. The cooling capacity of the green space during the daytime was 
linearly correlated with the total leaf area of trees. We also found that modifications to micro-topography had 
stronger cooling effects on both the green space and adjacent open space in contrast to flat terrain scenarios. 
Increasing the connectivity of impervious spaces and green areas, along with appropriate micro-topographic 
modifications, could prevent surrounding impervious surfaces from becoming micro-scale heat islands during 
the daytime; thus, ameliorating heat stress conditions. The results of this research provide a baseline for climate- 
adaptive designs and planning of thermally comfortable urban landscapes in the future.   

1. Introduction 

Heat waves are projected to increase in number, duration, and fre
quency (Meehl and Tebaldi, 2004). Consequently, urban areas with 
higher population densities are at greater risk of heat wave-associated 
morbidity and mortality. The risks of heat wave in urban areas are 
further amplified by the urban heat island (UHI) effect (Patz et al., 
2005). Elevated temperature creates uncomfortable thermal environ
ments, raises energy consumption (to stay cool), and causes air pollution 
(Battaglia et al., 2017; Ding et al., 2018; Wong et al., 2017; Yadav et al., 
2017). Apart from the potential harm of rising temperature to the living 
environment of humans, it could also be detrimental to the biodiversity 
of urban species and the integrity of local ecosystems (Merckx et al., 
2018). 

Urban green spaces supply multiple ecosystem services, and have 
long been recognized as a potential source of meeting the needs of 
human livability and biological conservation, leading to increased 
research interest (Wang et al., 2018). Temperature regulation is an 
important ecosystem service for increasing the resilience of urban 

residents to climate change. Many studies have investigated the cooling 
potential of urban green spaces from various perspectives, including the 
spatial composition and configuration of green spaces, vegetation type 
and species, and the interaction between vegetation and the built 
environment. The percentage cover of vegetation is negatively corre
lated with temperature (surface temperature and ambient air tempera
ture); consequently, locations with a greater proportional coverage of 
green space have cooler thermal environments (Kong et al., 2014; Thom 
et al., 2016; Vaz Monteiro et al., 2016). The spatial configuration is also 
significantly correlated to the cooling capability of specific green spaces. 
For example, fragmented green spaces provide effective cooling; how
ever, increased patch density reduces the cooling capacity for fixed 
amounts of vegetation cover (Kong et al., 2014). The cooling potential of 
the configuration also depends on vegetation type (Sodoudi et al., 2018). 
Wu and Chen (2017) showed that the cooling capacity of green space is 
influenced by the shading of surrounding buildings; thus, optimizing the 
spatial arrangement of trees in built environments increases the cooling 
potential of the same amount of green space (Wu and Chen, 2017). 
Therefore, the cooling capacity within urban green spaces is mainly 
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determined by the process of evapotranspiration and the shading effects 
of trees. Consequently, several studies have begun exploring these two 
parameters in relation to the characteristics of green spaces. 

Besides the cooling effects within a given green space, the cooling 
service that it provides extends beyond its boundaries, to cool the im
mediate environment (Vaz Monteiro et al., 2016). For example, a park of 
5 km2 in Mexico City extended its cooling effect to approximately the 
width of the park (2 km) (Jauregui, 1990). For small parks (width 
20~60 m) in Tel-Aviv (Israel), the cooling effect was perceived at about 
2~4 times the width of the parks (Shashua-Bara and Hoffman, 2000). 
With limited space being available in developed urban areas for 
greening, a frequently asked question is how to maximize the cooling 
extent of green spaces with fixed areas. The intensity of cooling and the 
distance over which cooling extends depend on the size of green spaces. 
Other characteristics of green spaces, such as the vegetation type and 
canopy structure, also influence the extent of the cooling effect 
(Potchter et al., 2006). However, the mechanisms that drive the cooling 
effects of green spaces require clarifying (Vaz Monteiro et al., 2016). 
Information on the relationship between the cooling capacities a specific 
green space located in inner urban areas and the outskirts is needed. 

Topography also has a substantial impact on the temperature dy
namics of urban areas. A previous study showed that both vertical and 
horizontal temperatures are influenced by micro-topography at small 
scales. Micro-topography influences the local wind environment and, 
hence, the thermal comfort levels outdoors. Wind flow across micro- 
topographic features is quite complicated. Both wind direction and ve
locity vary greatly around such features (Kondo et al., 2002). Thus, 
differences in micro-topography and land cover apparently affect 
spatial-temporal temperature perturbations (Pfister et al., 2017). How
ever, most studies on temperature regulation and cooling extent of 
urban green spaces were conducted on flat terrain. Assessments and 
comparisons of thermal effects on the outdoor urban environment in 
relation to different micro-topographic characteristics are required. 

Comprehensively quantifying the variation of local thermal envi
ronment requires that one integrate field surveys and numerical 
modeling to identify the key influential factors. The current study aimed 
to characterize the spatial-temporal patterns in the near-surface tem
perature and flow dynamics, and quantify their responses to the tree 
coverage and micro-topography. To explore subtle changes in near- 
surface temperatures resulted from micro-topography, surface data 
need to be collected at a high spatial resolution to reveal the micro- 
topography, atmospheric structure and dynamic processes near sur
face, which the commonly used networks of point measurements lack. In 
present study, a high spatial-temporal resolution numerical model 
(ENVI-met) was applied to determine how tree coverage and micro- 
topography influence the cooling extent of a green space of a certain 
size. ENVI-met is one of the most commonly used numerical model in 
analyzing the influence of building morphology and vegetation layout 
on local thermal environment. In order to ensure the reliability of the 
model’s outputs, a calibration is usually carried out by comparing 
measured values with simulated data. Multiple statistics can be used to 
evaluate the accuracy of the numerical model. An overview of previous 
evaluation studies using Root Mean Square Error (RMSE)and index of 
agreement (d) is depicted in Table S1. Factors that affect the accuracy of 
this model has already been discussed in the past. For example, Yang 
et al. (2013) indicated that ENVI-met V4 showed better model perfor
mance for RMSE and d than the previous version based on studies to 
assess this model. Thus, only a brief discussion of influence from climatic 
condition and Land Use/Land Cover (LULC) is carried out here. Resi
dential area and university campus are two most common land use types 
for thermal environment simulation. No universal tendency of the model 
behavior can be detected among different LULCs. It is not easy to 
conclude from the collected researches that the LULC exert significant 
influence over the accuracy of this model. The local climate appears to 
have an obvious influence on the accuracy of ENVI-met estimation. In 
three studies which were conducted in Phoenix, USA, Singapore, and 

Wuhan, China, the model had been used in the same study site for 
different seasons. The results showed that model performed better in 
summer season in contrast with other seasons (Hedquist and Brazel, 
2014; Roth and Lim, 2017; Zhang et al., 2018). However, in the study of 
Acero and Arrizabalaga (2018), simulations were conducted based on 
measured data of three consecutive days with no significant changes in 
climatic conditions, RMSE and d values showed obvious fluctuations 
(1.00–2.07, 0.83–0.94, respectively). The number of studies collected 
here was too small to draw firm conclusions. More researches focusing 
on factors that affect the accuracy of this model are required in the 
future study. In the present study, the model reliability was first vali
dated by field measurements. Then, we developed and simulated 
different scenarios of tree coverage (canopy size and tree number) and 
micro-topography. The results of this study are expected to improve our 
theoretical and empirical understanding of the underlying mechanism of 
the cooling effects and extent of green space required in urban areas. 

2. Methodology 

2.1. Study area 

This study was conducted to assess the combined effects of tree 
coverage and micro-topography based on meteorological conditions and 
current status of thermal environment in Beijing (39◦ 28′ N~41◦ 05′ N, 
115◦ 25′ E~117◦ 30′ E), China. Beijing has undergone rapid urbaniza
tion in past four decades. The population has also been increasing as a 
result of mass immigration. Significant UHI effects have been identified 
over the inner-city areas, by comparing near-surface air temperatures 
between urban and rural areas based on meteorological measurements 
(Wang et al., 2009; Zheng et al., 2018). Increasing vegetation, especially 
trees, is regarded as an effective strategy to ameliorate the deleterious 
effects of UHI (Akbari and Kolokotsa, 2016; Lee et al., 2016). The 
municipal government of Beijing has implemented the green growth 
strategy since 1978, with urban green coverage increasing from 22.3% 
in 1978 to 48.4% in 2018 (Beijing Statistics Bureau, 2019); however, 
Beijing’s urban thermal environment continues to degrade (Ge et al., 
2016). Our study targeted the densely urbanized inner-city area, with 
elevation varying from 20 to 60 m above sea level. Hundreds of green 
space patches are scattered throughout the area, ranging from 680 ha 
(Olympic Forest Park) to less than 0.01 ha (roadside green spaces). 
Investigating how to maximize the cooling capacity and extent of 
existing green spaces is beneficial to the wellbeing of the urban citizens 
living within and beyond this area. 

2.2. Numerical model of micro-climate 

2.2.1. On-site measures of micro-climate 
Field measurements of local weather conditions were conducted at 

two sites in Beijing city, including the Wang-Chun-Yuan residential 
quarter and the Beijing Olympic Forest Park. The monitoring of mete
orological factors conducted in the Wang-Chun-Yuan residential quarter 
continued from August 10th to 18th, 2014. This period was selected to 
obtain various climatic data for typical summer days. A portable 
weather station (Onset HOBO U30) was placed in an open space at the 
center of a pocket park in Wang-Chun-Yuan residential quarter with>
10 m away from surrounding trees and buildings. HOBO U30 weather 
station is a weatherproof data logger designed for environmental 
monitoring applications. This logger has a built-in rechargeable battery 
and supports up to 10 plug-and-play smart sensors. Four sensors 
including solar radiation sensor, temperature sensor, relative humidity 
sensor, wind speed/direction sensor were used in this study. The solar 
radiation sensor is a light sensor (silicon pyranometer) with a mea
surement range of 0 to 1280 W/m2. The accuracy and resolution of this 
sensor are ±10 W/m2 and 1.25 W/m2, respectively. The temperature 
sensor has a measurement range of − 40 to 75℃ (accuracy: ±0.21℃ 
from 10 to 50℃, resolution: 0.02℃). The relative humidity sensor has a 
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measurement range of 0–100% (accuracy: ±2.5% from 10 to 90%, res
olution: 0.1%). The wind speed smart sensor can record wind speed from 
0 to 45 m/s (accuracy: ±1.1 m/s, resolution: 0.5 m/s). Six temperature/ 
relative humidity data loggers (HOBO pro v2, accuracy: ±0.2℃, reso
lution:0.02℃) were mounted on tree trunks or electrical poles at the 
height of 2 m. The field measurement of meteorological factors of the 
Beijing Olympic Forest Park was conducted from July 5th to July 9th, 
2020. Two temperature and relative humidity data loggers were 
mounted on tree trunks in forest on flat terrain, and forest of a small hill 
(< 50 m). Other two loggers were mounted on electrical poles of road
side and water side. All these meteorological factors were recorded at a 
frequency of 1 min. Recorded meteorological data of two days with no 
precipitation (August 14th, 2014 and July 7th, 2020) were used to verify 
the simulated results of the micro-scale climate model. 

2.2.2. Model selection 
ENVI-met is a three-dimensional micro-climate model that was 

selected to simulate variation in the thermal environment. ENVI-met 
facilitates analyses of high spatial-temporal resolution, comprehen
sively integrating all the key processes, including evapotranspiration, 
shading, and ventilation. Consequently, it is highly suitable for use in 
evaluating micro-climate changes resulting from landscape modification 
(Sodoudi et al., 2018). ENVI-met has been widely used in studies of 
micro-climate globally. It has been tested and validated for various land 
use types and climatic regions (Emmanuel and Loconsole, 2015; Ghaf
farianhoseini et al., 2015; Herath et al., 2018; Kong et al., 2016; Simon 
et al., 2018). The core model of ENVI-met encompasses three 

sub-models. Each sub-model was designed to address specific processes 
related to thermal balance. The atmospheric sub-model is mainly based 
on the fundamental laws of computational fluid dynamics. It predicts the 
evolution of air movement, including wind direction and velocity, air 
temperature and humidity, and air turbulence. Calculations of the ab
sorption and emission of short- and long-wave radiation are also 
included in this sub-model. The vegetation sub-model addresses all of 
the ecological processes related to vegetation system (Wu and Chen, 
2017). In this model, vegetation is not just a physical obstacle against 
wind and radiation, but is also a biological body that interacts with the 
surrounding environment by exchanging heat and water vapor (Ali-
Toudert, 2005; Simon, 2016). The atmospheric and vegetation 
sub-models were used to obtain a quantitative estimate of the cooling 
capacity and extent of green space. ENVI-met produces multiple mete
orological parameters and thermal comfort parameters. In addition, 
ENVI-met allows the end-users to examine each outputted parameter 
from a three-dimensional perspective, making the extremely complex 
heat balance process more intuitive for interpretation. In the present 
study, ENVI-met 4.4.3 was employed to explore the influence of tree 
coverage and micro-topography on local thermal environment. 

2.2.3. Simulation preparation 
The ENVI-met model consists of a three-dimensional core model 

which is encapsulated within a one-dimensional model. The 3D core 
model includes all atmosphere, soil, building and vegetation processes 
and the 1D model provides the boundary conditions that are required for 
the lateral and vertical borders of the 3D model (Simon, 2016). Multiple 
independent input data, such as latitude, longitude, the date and dura
tion of the simulation, the horizontal wind speed at 10 m’ height, the 
roughness length, the air temperature in 2 m’ height, and the relative 
humidity in 2 m’ height are required to create the vertical profiles of the 
1D boundary model. In the present study, an ideal landscape was 
designed in the 3D model to evaluate the cooling capacity and cooling 
extent of a green space. The whole domain of the ideal landscape was 
1.5 ha (100m× 150 m), with 1.0 ha as greenspace for tree arrangement 
and micro-topographic modification and the other 0.5 ha as open space 
to evaluate the cooling effect extending from upwind of the green space 

Fig. 1. Configuration of an ideal landscape. a: nesting border, b: green space, 
which is the model domain for tree arrangements and micro-topographies, c: 
open space, which is the model domain for estimating how far the cooling effect 
extended from the green space;1 5: receptors. 

Table 1 
Configuration data of the simulation.  

Parameter Item Value/ 
Name 

Simulation time - (h) 16 
Meteorological 

conditions 
Wind speed measured in 10 m height (m/ 
s) 

2 

Wind direction (0: N, 90: E, 180: S, 270: 
W) 

0 

Minimum air temperature at 2 m (℃) 20 
Maximum air temperature at 2 m (℃) 31.9 
Minimum relative humidity (%) 40.7 
Maximum relative humidity (%) 83.7 

Profile types Soil profile for green space Loamy soil 
Soil profile for open space Asphalt 
Soil profile for nesting grids Loamy soil 

Loamy soil data Initial temperature upper layer (0–20 
cm) (℃) 

24.85 

middle layer (20–50 cm) (℃) 22.85 
deep layer (below 50 cm) (℃) 20.85 
Relative humidity upper layer (0–20 cm) 
(%) 

15 

middle layer (20–50 cm) (%) 19 
deep layer (below 50 cm) (%) 21 
Roughness length (m) 0.015 
Albedo 0.000 
Emissivity 0.980 

Asphalt data Volumetric heat capacity (J/m3K×10− 6) 2.214 
Heat conductivity (W/(m•K)) 1.16 
Roughness length (m) 0.010 
Albedo 0.200 
Emissivity 0.900  
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(Fig. 1). The model domain was built with 50× 75× 30 
three-dimensional cells, with each cell having dimensions of 2× 2× 3 
m. In addition, we added a 20-grid-deep border to the perimeter of the 
model to enhance stability when simulating elements were located close 
to the border of the main model domain. ENVI-met 4.4.3 allows users to 
employ the measured local weather data as inputs by forcing the model 
to follow user’s inputs during the simulation. In this study, simple 
forcing of lateral boundary conditions was adopted to initialize the 
simulation. Hourly averaged air temperature and relative humidity at 2 
m, wind speed and direction at 10 m, and global radiation values were 
based on field measurements made over days at two locations, and these 
data were used to parameterize the 1D boundary model. Cloud cover 
conditions were used in the forcing of solar radiation. The algorithm 
(Eq. (1)) is implemented in this study to calculated the cloud cover 
(Kasten and Czeplak, 1980): 

G(N)

G(0)
= 1 − 0.75

(
N
8

)3.4

(1)  

where N is the number of eights of the sky obscured by clouds; G(N) is 
the global radiation at total cloud amount N okta; G(0) is the global 
radiation at cloudless sky. 

The simulation lasted 16 h from 07:00 to 22:00. Based on the 
meteorological conditions of study area and the designed scenarios, the 
configuration file of the designed scenario is shown in Table 1. The 
roughness length, albedo, and emissivity of profiles were kept at default 
values of ENVI-met database. Receptors are selected points inside the 
ENVI-met model area, where processes in the atmosphere and the soil 
are monitored in detail. In this study, three receptors (1, 2 and 3) were 
set to record the near-surface temperature variations of the greenspace 
(b), two other receptors (4 and 5) were set to record the temperature 
variations of the open space. Then, cooling capacity was calculated by 
comparing the average values of temperatures of receptors 1, 2, 3 and 4, 
5 (Eq. (2)).  

where Ta_receptor is the air temperature at the height of 2 m above 
ground. 

2.3. Development of the scenario 

Two tree coverage scenarios (canopy size and tree number) and 
micro-topography scenario were designed in the SPACES module of 
ENVI-met. The influence of wind speed on the cooling effect of green 
space was also evaluated. 

2.3.1. Canopy size scenario (Flat terrain) 
In ENVI-met, the leaf area density (LAD) is an important variable 

related to multiple processes, including solar interception, evapotrans
piration, wind dragging, and additional atmospheric turbulence, due to 
vegetation. LAD determines the size of the plant-atmospheric interface, 
contributing to the exchange of energy and mass between vegetation 
and atmosphere (Jonckheere et al., 2004). We first measured the LAIs 
using a LAI-2000 plant canopy analyzer for major tree species, including 
Acer mono Maxim, Firmiana simplex, Sophora japonica, Pinus tabu
laeformis, Juniperus chinensis, Platycladus orientalis, which are amongst 
the most widespread tree species planted in residential quarters and 
urban parks in Beijing (Zhao, 2010). Then the LADs of Acer mono Maxim 
was calculated according to the empirical LAD model (Lalic and 
Mihailovic, 2004) to develop tree models with different canopy sizes and 
LADs. The calculation of LAD with Eqs. (3) and ((4): 

LAI =
∫h

0

LAD(z)dz =
∫h

0

Lm

(
h − zm

h − z

)n

exp
[

n
(

1 −
h − zm

h − z

)]

dz (3)  

n =

{
6 0 ≤ z < zm

0.5 zm ≤ z ≤ h (4)  

where h is tree height, Lm is the maximum value of LAD at the corre
sponding height of zm, z is the height of different layers of tree canopy, 

and n is the number of the layers. Then, the calculated LADs were put in 

Fig. 2. LADs of the three scenarios for canopy size. a: ellipsoidal tree canopy; b: smallest canopy size sub-scenario (S1); c: medium canopy size sub-scenario (S2); 
largest canopy size sub-scenario (S3). 

Cooling capacity = Average

(
∑3

1
Ta receptorj

)

− Average

(
∑5

4
Ta receptorj

)

(2)   
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the ENVI-met plant database for 3-D reconstruction of the tree canopy. 
An ellipsoid shaped tree canopy (Fig. 2a) was selected to develop the 
three sub-scenarios with different canopy sizes to analyze how the 
amount of leaf area influences the thermal environment. These three 
types of canopies had the same height (10 m). The ellipsoid shaped tree 
canopy (Fig. 2a) served as the smallest canopy size sub-scenario (Fig. 2b, 
S1). The LADs of all layers, except the top and bottom layers, of S1 were 
increased by 0.6 to form the medium canopy sub-scenario (Figs. 2c, S2). 
The LADs of S2 were increased a further 0.6 to form the largest canopy 
sub-scenario (Figs. 2b, S1). The canopy radius at the maximum value of 
LAD increased from 5 m in S1 to 7 m in S2 and 9 m in S3. For all three 
sub-scenarios, 10× 10 trees were evenly distributed in the green space. 
The total leaf area of the three canopy size sub-scenarios was 2430 m2, 
5790 m2, and 10,830 m2, respectively. 

2.3.2. Tree number sub-scenario (flat terrain) 
Using the same canopy size as S3, three sub-scenarios of different 

tree numbers were developed. In the lowest (N1), medium (N2), and 
highest density sub-scenario (N3), there were 7× 7, 10× 10, and 12×

12, ellipsoid canopy trees, respectively, planted in the same green space. 
The total leaf area of these three scenarios was 5306.7 m2, 10,830 m2, 
and 15,595.2 m2, respectively. S3 had the same tree arrangement as N2. 

2.3.3. Micro-topography scenario 
An increase in surface roughness leads to an increase in surface area. 

Among the formative factors of the urban climate, roughness due to 
buildings and the thermal property of construction materials contribute 
heavily to the appearance of the UHI phenomenon (Tejima, 1995). 
Modifying the topography or roughness of the land surface can increase 
the area for planting more vegetation to mitigate UHI effects. In addi
tion, wind flow around micro-topographic features is rather complicated 
(Kondo et al., 2002). Wind direction and velocity vary significantly 
when air flow over these topographies, and wind flow clearly affect 
micro-climate air temperature. Hence, it is very important to estimate 
the flow fields around micro-topographies and to reflect them in the 
mitigation of UHI effect. In this scenario, several sub-scenarios with 
small hills of different slope angles and lengths were developed. Fig. 3b 
shows the vertical section of these sub-scenarios. The small hill spread 
across the landscape, with the direction of the ridge line being perpen
dicular to the wind direction. To study the effect of wind speed with 
respect to the variations of micro-topographies, two different wind 
speed at 10 m above the ground (1 m/s and 3 m/s) were simulated for 
each of the slope angles and lengths sub-scenarios. 

Fig. 3. Schematic of the micro-topography scenarios. a: flat terrain with trees, b: micro-topography with different slope lengths and slope angles.  

Fig. 4. Comparison between measured and simulated air temperatures. a: July 7th, 2020; b: August 14th, 2014.  
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2.4. Analysis of the simulated data 

The air temperatures at 2.0 m above ground level from10:00 to 20:00 
were extracted from the simulated results of the sub-scenarios. At 14:00, 
the outdoor air temperature was highest during the simulated day, and 
the green space was expected to represent the strongest cooling capacity. 
It is interesting to analyze how green space performs during this time 
period, with only outward heat fluxes into atmosphere. First, the canopy 
size sub-scenarios and the tree number sub-scenarios were compared 
with the non-vegetation scenario to investigate the cooling effects of 
different characteristics of green space. Pearson’s correlation analysis 

was conducted between near-surface air temperatures and total leaf area 
of trees. The statistical analysis was applied with IBM SPSS Statistical 19. 
Second, one of the tree arrangement sub-scenarios was selected as the 
second baseline scenario. The simulation results of the slope length sub- 
scenarios and slope angle sub-scenarios were compared against the 
second baseline scenario to explore the influence of micro-topography 
on near-surface temperature. 

Fig. 5. a: Schematic of landscape composition and wind direction; b: Comparison of near-surface temperature between the non-vegetation scenario with different 
tree coverage scenarios at 14:00; c: the relationship between total leaf area and cooling capacity. 
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3. Results 

3.1. Evaluation of the model results 

Ideal scenarios were constructed to investigate how tree coverage 
and micro-topography influence the cooling effects of a green space, 
both in it and outside it. Finding such landscapes with similar vegetation 
patterns and topographic features in reality is difficult. Therefore, we 
validated the model in a residential quarter that had complex spatial 
patterns for various landscape components, including buildings, vege
tation, small hills, artificial lakes, and open spaces. Also, we conducted a 
confirmatory simulation in a green space with small-scale topographic 
relief and various tree canopy coverage of the Beijing Olympic Park. 
These two models of the Wang-Chun-Yuan residential quarter and the 
greenspace landscape in the Beijing Olympic Forest Park were built 
based on high-resolution remote sensing image in SPACES module of 
ENVI-met. Leaf Area Indices and tree heights of major tree species in 
these two sites were measured using plant canopy analyzer (LAI-2000) 
and altimeter, respectively. Three-dimensional cells were built as 
component of buildings, trees and small hill. The cell had the dimensions 
of 2× 2× 3 m in these two validation models and the other prediction 
models. Verifications of the two validation models were conducted by 
comparing near-surface temperatures (2 m above ground) of field 
measurements and ENVI-met outputs. The Root Mean Square Error 
(RMSE) and the index of agreement were calculated to evaluate the 
simulation results accuracy. The measured temperatures were hourly 
averaged data from HOBO U30 weather station and temperature/rela
tive humidity data loggers. The modeled temperature referred to the 
mean air temperature at 2 m above ground of the whole Wang-Chun- 
Yuan residential quarter and the greenspace landscape in the Beijing 
Olympic Forest Park, respectively (Fig. 4a, b). We assumed that if the 
simulation results of ENVI-met for the residential quarter and urban 
park were reliable, the model could produce reliable simulation results 
under ideal scenarios. The same input parameters as in Fig. 4 were used 
in the simulation of the residential quarter and urban park. 

Even though the measured temperature was generally higher than 
the predicted temperature throughout most of the day (at 2 m above 
ground), the model generally showed good agreement with field mea
surements. The correlation coefficient between simulated temperature 
and measured temperature at July 7, 2020 was 0.96, RMSE was 0.67 ◦C, 
and the index of agreement was 0.93. The corresponding coefficients at 
August 14, 2014 were 0.95, 0.72 ◦C, and 0.95, respectively. With the 
relatively low RMSE and high correlation coefficient, we considered the 
simulation results of ENVI-met to be reliable. The good performance of a 

model provides us opportunities to conduct exploratory investigations 
by setting various ideal scenarios, which can be impracticable in reality. 
In the present study, analysis of combined influence of vegetation layout 
and micro-topography on local thermal environment have been carried 
out based on validation of simulation results. A total of 31 ideal sce
narios, including 6 sub-scenarios of tree arrangements on flat terrain and 
25 sub-scenarios of tree arrangements on undulating terrain, were 
designed and simulated. We believe that the modeling results presented 
in this paper have some value on thermal environment mitigation by 
greenspace arrangement and micro-topographic modification at neigh
borhood or block scale. Of course, further studies to support and confirm 
our results are necessary. 

3.2. Effect of tree coverage on near-surface air temperature 

Our study area contained two different patches. The green space 
patch located on the upwind side and the open space patch situated on 
the downwind side. We first aimed to evaluate how tree coverage 
affected the local thermal environment. Compared with the non- 
vegetation scenario (base scenario 1), all tree coverage scenarios, 
including sub-scenarios with different canopy sizes (S1–S3) and planting 
densities (N1, N2, and N3), showed various levels of cooling capacity at 
14:00 (Fig. 5b). Along the wind direction, the cooling effects of all tree 
coverage sub-scenarios gradually increased (from 0.02 ℃, 0.04 ℃, 0.05 
℃, 0.07 ℃, and 0.08 ℃ to 0.08 ℃, 0.16 ℃, 0.14 ℃, 0.29 ℃, and 0.38 ℃ 
for S1, N1, S2, S3/N2, and N3, respectively. When the air moved across 
the boundary between the green space and the open space, the air 
temperature for all scenarios, including non-vegetation scenario and 
tree coverage sub-scenario, clearly declined. The decline in air temper
ature was mainly caused by changes to the thermophysical properties of 
the pavement surface layer, which has lower reflectivity and higher 
solar absorptivity. Air temperature in the open space declined; however, 
tree coverage sub-scenarios had 0.07 ℃ (S1), 0.10 ℃ (N1), 0.13 ℃ (S2), 
0.20 ℃ (S3/N2), and 0.25 ℃ (N3) lower near-surface air temperature 
compared to the non-vegetation scenario 150 m distance. However, at 
20:00, tree coverage sub-scenarios had slightly higher air temperatures 
compared to the non-vegetation scenario in the green space. No signif
icant differences to air temperature was found in the open space among 
tree coverage sub-scenarios. 

Leaf area significantly influences the cooling capacity of green 
spaces. Fig. 5c shows the largest near-surface cooling capacity (at 92 m 
distance) for the tree coverage sub-scenarios. The model results showed 
a linear relationship between total leaf area and near-surface cooling 
effects, with R2 = 0.98, and a 0.05 ℃ increase in cooling capacity per 

Fig. 6. The relationships between cumulative cooling capacity and slope length and slope angle. a: the wind speed is 1 m/s at 10 m above the ground; b: the wind 
speed is 3 m/s at 10 m above the ground. 
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1000 m2 increase in total leaf area. The air temperature at 14:00 and 
20:00 at 92 m distance showed differences in air temperature of 3.85 ℃, 
3.79 ℃, 3.76 ℃, 3.61 ℃, and 3.56 ℃ for the non-vegetation scenarios, 
S1, N1, S2, S3/N2, N3, respectively. Larger leaf area leads to smaller 
temperature differences between these two time points. 

3.3. Effect of micro-topography on near-surface air temperature 

The micro-topography had a clear influence on near-surface air 
temperatures. For all slope angles and lengths sub-scenarios, the near- 
surface air temperature of the hillside was lower than that of the flat 
terrain scenario at daytime. The lowest air temperatures of these sub- 
scenarios occurred on hillsides shielded from the wind, rather than the 
ridge. Despite having the same tree arrangement, these micro- 
topography modification sub-scenarios had lower air temperature in 
the open space scenario compared to the flat terrain scenario. With the 
increase in slope length, the cumulative cooling capacity at the open 
space generally showed a growing trend for both two wind speed con
ditions (Fig. 6). For the combined effects of slope angles and lengths, we 
found there were no significant differences among the micro- 
topographic sub-scenarios when the wind speed is relatively low (1 
m/s at the height of 10 m above the ground) (Fig. 6b). For relatively 
higher wind speed condition (3 m/s at 10 m above the ground), how
ever, the modifications from micro-topographic variations on near- 
surface air temperatures represented a different result. When the slope 
angle increased from 10◦ to 20◦, the micro-topography modification 
presented an enhanced cumulative cooling capacity. However, the 
cooling capacity of the corresponding slope angle sub-scenario has been 
on a weakening trend as the slope angle continuously increased from 20◦

to 30◦ (Fig. 6b). 

4. Discussion 

4.1. Cooling effects within and beyond the greenspace with different tree 
coverage and micro-topography 

Vegetation represents an important element for mitigating heat, 
especially during the day time (Smardon, 1988). The importance of tree 
coverage for mitigating heat has been previously reported (Hamada and 
Ohta, 2010; Myint et al., 2013), with our research providing further 
evidence for the cooling mechanisms, by presenting the linear rela
tionship between total leaf area and cooling capacity. The cooling ca
pacity of vegetation mainly depends on two key processes: shading and 
transpiration (Bowler et al., 2010). The leaf is the main plant organ that 
directly contributes to both two processes. In the present study, all tree 
coverage sub-scenarios were effective at cooling the local thermal 
environment in contrast with the non-vegetation scenario at 14:00. 
During the daytime, solar radiation is the main contributor to the heat 
gain of the land surface. Trees affect local air temperature by transpiring 
water through their leaves and by blocking solar radiation, which re
duces the absorption of radiation and heat storage by various anthro
pogenic surfaces. Trees also alter the wind characteristics that affect air 
dispersion (Nowak et al., 1998). When air flows through a green space, 
the thermodynamic properties of air are modified at some level. The 
cooling effects of vegetation are then transferred to next landscape via 
moving air. Higher tree density and crown coverage can reduce the 
speed of the wind moving through the forest canopy and then increase 
the time for the thermal properties of the air mass to change. As the air 
mass driven by wind passes through the green space to adjacent open 
space, it can carry out cooling by a higher cooling capacity in the 
near-surface thermal environment. Fig. 4b clearly showed that signifi
cant temperature changes occurred when air moved between landscapes 
with different thermophysical properties. When air mass moved further 
into the open space, the near-surface air temperature continued to in
crease but at a declining rate. As previously mentioned, we added a 20 
nested grid cells to the core domain to minimize boundary effects. The 

nested area is a band of grid cells surrounding the core domain 
(including the green space and the open space), which can keep the 
model boundaries away from the core and thus lower the calculation 
uncertainties occurring at the boundaries (Kong et al., 2016). In the 
present study, the nested grid surface was set to a single soil profile 
(loamy soil) which has lower albedo and higher roughness length and 
emissivity comparing with the asphalt surface of the open space. The 
transition of thermophysical properties of soil profiles from the open 
space to surrounding nesting grids led to a small cooling process at the 
end of the simulation domain. At night (20:00), the cooling capacity of 
various tree coverage sub-scenarios markedly decreased, and even dis
appeared. After sunset, the transpiration rates of various plants, 
including trees, is usually just 5~15% that of daytime values (Caird 
et al., 2007). Gradually warmed air during the daytime is trapped within 
and below tree crowns, due to reduced turbulent exchange with air 
above the canopy (Zölch et al., 2019). Thus, trees act as a thermal 
insulation layer for the atmosphere beneath tree crowns, resulting in 
trees providing cooling effects during the daytime, and non-effect or 
warming effects at night. 

The results showed that there was also a linear relationship between 
total leaf area and the distance where the cooling effect produced by the 
upwind direction (r2=0.97) when the wind speed was set to 1 m/s. The 
surface topography variation made the relationship between the green 
space and the distance into the open space where the cooling effect was 
almost vanished more complicated. The combination of tree coverage 
and micro-topography can further reduce near-surface air temperature 
during the daytime. All of the sub-scenarios with different tree coverage 
and micro-topography cooled down the greenspace and the open space 
in the downwind direction. Air temperature drops rapidly as the height 
of the surface increases. However, the decreasing rate of air temperature 
is not directly proportional to the height of the small hill. It has been 
shown that there is a relationship between the cooling amplitude of the 
near-surface atmospheric temperature with the slope length and the 
slope angle (Fig. 6b). The increase in slope length increases the distance 
that the air travels through the green space, so more cooling will be 
accumulated and then passed to the downstream air. The slope angle 
mainly affects the direction of air flow, and the greater the wind speed, 
the greater the effect it has on the downstream air properties. When the 
wind speed gradually increases, the influence of the slope angle on the 
downstream air temperature change significantly. When the wind speed 
is 1 m/s, the near-surface air temperature only decreases linearly with 
the increase of the slope length, and the slope has no obvious effect, but 
when the wind speed increases to 3 m/s, under the same slope length 
condition, the cooling effect of near-surface temperature first increases 
(10◦ − 20◦), followed by a rapid fall (20◦− 30◦). Future work should 
conduct a more detailed analysis of the effect of slope angle on air 
temperature in the downwind direction to determine the best slope 
under common wind speed conditions. 

4.2. Implications on the planning and management of urban thermal 
environments 

Urban development replaces natural landscapes with artificial 
impervious surfaces, which often absorb large quantities of incident 
solar radiation and discharge a fraction of the solar absorption as sen
sible heat into the near-surface atmosphere. Impervious surface 
coverage is a key environmental indicator that is closely correlated with 
the thermal urban environment. In the absence of design measures to 
mitigate heat, impervious surfaces become micro-scale heat islands, 
causing severe heat stress (Vanos et al., 2016). In comparison, urban 
green spaces are cooler than surrounding areas, creating a cool island 
effect that improves the climatic conditions of urban areas and reduce 
heat stress produced by heat islands (Hamada and Ohta, 2010). Forest 
with higher leaf area density can provide a more stable understory 
thermal environment, that is, air temperature inside of the forest is 
usually higher than the outside in daytime and lower than the outside at 
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night. It has been proved by this study that the cooling capacity of the 
green space in the upwind direction is positively correlated with the 
total leaf area of the trees. In addition, supporting previous studies, the 
present study showed that green spaces introduce cold air to sur
rounding built-up areas. The role of urban green space is not only to 
improve the thermal environment inside the green space, but to achieve 
the improvement of the thermal environment of the entire city. There
fore, expanding the scope of single green space’s cold island effect and 
connecting the influence of the surrounding small green spaces to form a 
greater “cooling island” can be an effective strategy for the improvement 
of the urban thermal environment. 

Micro-topography has a strong impact on spatial-temporal temper
ature dynamics (Pfister et al., 2017). Remote sensing technology 
confirmed that topography increases the cooling effect of green spaces 
located on hills facing surrounding urban areas (Hamada et al., 2013). 
Complex urban landscape systems are composed of interacting patches 
with differing thermal properties, with complicated boundaries gener
ating diverse thermal landscapes. Supporting previous studies, the cur
rent study showed that the suitable use of topography expands the 
cooling effect; thus, more strategies could be applied to improve urban 
micro-climates by using micro-topography to regulate the urban thermal 
landscape. For example, the combination of vegetation and 
micro-topography can be used to produce a stronger air cooling effect on 
a small spatial scale such as residential quarter and pocket park. In this 
way, the scopes of scattered “cold island” expand. However, of note, 
micro-topographic scenarios introduce noticeable warming effects on 
the leeward open space at night. With greater wind speeds, the warming 
effect extending from the green space to the open space also increases. 
Consequently, strategies implemented to improve the thermal environ
ment could have contrasting effects at different times of day (Zölch 
et al., 2019). Therefore, management strategies should decide in 
advance whether the aim is to mitigate heat during the day, at night, or 
both to implement the appropriate modifications. 

The selection or modification of appropriate micro-topography has 
long been conducted in the urban and rural areas of China for multiple 
purposes, including creating comfortable living environments, 
enhancing security against possible attacks from outsiders, and 
increasing esthetic value. Modifying the micro-topography of today’s 
cities could generate such positive environmental benefits. For example, 
the appropriate modification of micro-topography in the construction of 
urban wetlands could improve their ecological function in water con
servation (Liu et al., 2020). To improve the urban thermal environment, 
micro-topography could be modified in residential areas and parks. 
Limited land is available, and the expansion of green areas is not prac
tical in major cities, like Beijing metropolis. Thus, urban designers and 
planners should consider incorporating micro-topography as a potential 
measure to maximize the cooling effects of limited green spaces. 

4.3. Limitations and future directions 

The present study applied the ENVI-met 4.4.3 model to simulate the 
micro-climates of various tree coverage and ideal micro-topography 
scenarios. The green space in the simulation was designed to be 
located in the upwind direction, and the open space was located in the 
downwind direction. Under this scenario, the cooling effects of the green 
space were transferred to the open space via moving air. However, in 
reality, changes to wind speed and direction cause air masses to inter
change across landscape patches with high frequency, modifying the 
thermodynamic properties of air masses in complex ways. Also, we only 
simulated a few sub-scenarios of micro-topographic change due to 
computational resource constraints. The number of scenarios in the 
current study is insufficient to create a relationship of cooling impact 
and distance from green space. Further studies are needed to examine 
whether there is a linear or non-linear relationship between hill’s height 
and slope and its cooling effects on adjacent built-up areas. In the future 

investigations, we will build more precise scenarios for surface topog
raphy fluctuation. In addition, we will focus on changes in thermal 
environment in different urban functional zones, and more realistic 
scenarios with more accurate modeling of buildings and plants will be 
used. Pollutant dispersion should also be considered in future studies, to 
ensure that changes to micro-topography will not enhance air contam
ination. We expect to finally form a function that can be used to estimate 
cooling effect. 

5. Conclusions 

This study investigated how tree coverage and micro-topography 
influence the cooling effects within and beyond a green space during a 
hot summer day. An ideal landscape that was composed of a green space 
lying on the windward side and an open space on the leeward side was 
designed in ENVI-met model. Scenarios with different tree coverage 
characterized by canopy size and tree number, and different micro- 
topography (including slope length and slope angle sub-scenarios) 
were developed to explore the cooling effects of a specific green space. 

Our study demonstrated that both canopy size and tree number are 
important factors characterizing the thermal environment within and 
beyond the green space during the daytime. However, the cooling effects 
of these tree coverage sub-scenarios decreased, and even disappeared, at 
night. The cooling capacity of the green space during the daytime was 
linearly correlated with the total leaf area of trees. An increase of 1000 
m2 represents a 0.05 ℃ reduction in air temperature. Trees acted as a 
thermal insulation layer for the atmosphere beneath their crowns, with 
trees providing cooling effects during the daytime and non-effect or 
warming effects at night. 

Modifications to Micro-topography had stronger cooling effects on 
both the green space and the open space with asphalt pavement in 
contrast to the flat terrain scenario. The strongest cumulative cooling 
capacity on the open space appeared when the slope angle is 20◦

However, when the slope angle is larger than 20◦, the cooling effect 
brought by upwind green space decreased at the open space on the 
leeward side. 

The current study provides novel insights on how tree coverage and 
micro-topography influence the near-surface thermal environment. The 
results of this study could be used by urban planners and designers in 
residential areas and parks to improve the outdoor thermal comfort 
levels of surrounding impervious surfaces. 
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