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Abstract: The cooling and humidifying effects of urban aggregated green infrastructure can provide
essential services for city ecosystems, regulating microclimates or mitigating the urban heat island
effect. However, the optimal thresholds of plant community structure parameters for maximizing
the associated cooling and humidifying effects remain unclear. In this paper, we use the method
of dummy variable regression to measure plant communities in an urban aggregated green infras-
tructure. By examining the relationships between the cooling and humidifying effects and plant
community structure parameters (i.e., canopy density, porosity, and vegetation type), we introduce
optimal thresholds for the parameters. We find that canopy density has a significantly positive
correlation with both cooling and humidifying effects, while porosity has a positive correlation with
cooling and a negative one with humidifying. Different vegetation types have distinct influences
on cooling and humidifying effects. When the canopy density is between 0.81 and 0.85 and the
porosity is between 0.31 and 0.35, the cooling and humidifying effects of the plant communities reach
their peak. Additionally, the greening coverage rate and spatial types of urban aggregated green
infrastructure have influences on cooling and humidifying effects. The findings can help us to better
understand the relationships between plant community structure parameters and their temperature
regulation functioning for urban aggregated green infrastructure. This study provides guidelines
and theoretical references for the plant configuration of future urban green spaces.

Keywords: aggregated green infrastructure; dummy variable regression; heat island effect; canopy
density; porosity; vegetation types

1. Introduction

The ongoing rapid urbanization has great potential to improve human development.
However, urbanization can also lead to severe environmental problems, such as the Urban
Heat Island (UHI) effect [1]. A progressive increase in the UHI effect has been observed
in both large cities and medium-sized municipalities [2]. This phenomenon has become
a widespread concern; thus, the necessity to solve the current problem is urgent. Over
the last two decades, studies focusing on mitigating UHI effects have grown steadily [3,4].
These previous studies have shown that urban green infrastructure presents an important
approach to mitigate the heat island effect.

In 1995, Forman systematically summarized the methods of landscape pattern opti-
mization, focusing on the overall optimization of landscape pattern [5]. Aggregated green
infrastructure includes multiple vegetation types (compared to distributed green infras-
tructure) and is better able to maintain and protect genetic diversity, providing sustainable
ecosystem services. Distributed green infrastructure also has advantages, however, as it
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takes up less space and can be distributed throughout man-made landscapes, enhancing the
landscape diversity and acting as temporary habitats or “stepping stones”. Therefore, the
combination of aggregation and distribution is considered a highly irreplaceable landscape
pattern for the overall layout. Furthermore, larger green spaces are, on average, cooler
than the smaller ones; however, the relationship between size and the local cool-island
intensity is likely non-linear. Cao reported that the cooling effect is more significant in large
green patches [6], while smaller urban green spaces fail to mitigate “urban heat island”
effects. Relevant studies have shown that the threshold value for urban green space with
the “urban cold island” effect is 3 hectares, whereas parks smaller than 3 ha were more
variable in their temperature, in comparison with their surroundings [7,8]. Therefore, urban
green spaces can be divided into aggregated green infrastructure and distributed green
infrastructure, according to this threshold. This classification method helps in the study of
the correlation between urban green infrastructure scale and urban heat island effect.

Urban aggregated green infrastructure, such as parks of large size, can considerably
mitigate the UHI effect through the cooling and humidifying effects exerted by plants [9-15].
The number of studies regarding the cooling and humidifying effects of plant communities
during summer has increased in recent years, raising concerns regarding the following four
themes: differences in the cooling and humidifying effects of various plant communities,
contrasts in plant community structures, the variety of types of underlying surfaces, and
diverse scales of urban green spaces [16]. It is well-known that trees can affect the air tem-
perature and relative humidity through shading, transpiration, and evaporative cooling,
so that the effects generated by green belts with trees, shrubs, and grass are more obvious
than those of lawns [6,17]. The canopy density and leaf area indices are better for determin-
ing the cooling and humidifying effects from 9:00 to 12:00 AM [18]. However, the above
research only focused on photosynthesis measurement, based on single leaves [19-24],
and the actual measurement of environmental factors of green space [25-29], but lacked
research on the quantitative relationships between plant community structure parameters
and the aggregated green infrastructure [30,31]. Furthermore, most studies have only paid
attention to the canopy density index. Three-dimensional research on the cooling effects of
green space in vertical and horizontal directions is relatively rare.

Porosity is the projection from the vertical plane of plant community structure. How-
ever, at present, little is known about the relationships between the porosity and cooling
and humidifying effects; even less is known about thresholds to maximize the cooling and
humidifying effects [32]. Thus, we should not only pay attention to the canopy density
of the plant community in aggregated green infrastructure, but also to its porosity and
the spatial types of the site [33,34]. In this study, we introduce a method combining ac-
tual measurements from a plant community with dummy regression analysis, taking the
Guishan green space as a typical site and focusing on nine greening vegetation types of
the Mingwaiguo scenery zone in Nanjing. Based on structural parameters of the plant
community (e.g., canopy density and porosity), we conducted real-time monitoring of
the microenvironment temperature and relative humidity, and figured out the range of
cooling and humidifying effects generated by the different communities. The detailed
experimental steps are shown in Figure 1. This paper mainly answers the following two key
questions: (1) What are the optimal thresholds of plant community structure parameters for
aggregated green infrastructure, in order to maximize the cooling and humidifying effects?
and (2) Which indicators affect the cooling and humidifying effects of the aggregated green
infrastructure? In this study, we aim to provide a scientific reference for the vegetation
allocation in aggregated green infrastructure construction, in order to reduce the urban
heat island effect, and provide quantitative models for efficiency evaluation, in terms of
alleviating the heat island effect through aggregated green infrastructure.
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Figure 1. Experimental method step diagram.

2. Materials and Methods
2.1. Location of Study Area
2.1.1. Study Area

Nanjing, located in the lower reaches of the Yangtze River Delta, has a subtropical
monsoon climate, with an average annual rainfall of 117 days (2206.5 mm) and relative
humidity of 76%. Its average annual temperature is 15.5 °C. The average temperature in
January is 2.3 °C, while that in July is 25.3 °C. In 2015, the number of days that reached the
second level of air quality was 235, with a passing rate of 64.4%, while the number of days
that failed to reach the second level of air quality was 130. The primary pollution was PM
2.5. The Mingwaiguo scenery zone is the most important structural green space in Nanjing.
Its green space layout reflects the characteristics of aggregate-with-outliers. The Guishan
green space (coordinates: 118.905469° E, 32.096836° N-118.912763° E, 32.100553° N), with
area of about 14 hectares, is located in the demonstration part of the Mingwaiguo scenery
zone (Figure 2). The study area is a typical urban aggregated green infrastructure. Along
with the construction of large and small Guishan, vegetation types like Magnolia grandiflora,
Osmanthus fragrans, and Cerasus were planted in a large amount, with a greening coverage
rate of more than 80% (Figure 3). Different types of vegetation form community structures
of tree—shrub-herbage, tree-herbage, and different spatial types, such as open space,
semi-open space, and closed space (Figure 4). The weather data measured in this area
are basically consistent with those at the Nanjing National Benchmark Climate Station
(coordinates: 118.910438° E, 31.935088° N).
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Figure 2. Map showing the experimental plot area—Guishan—located in the demonstration part of
Mingwaiguo scenery zone.

Figure 3. Sample distribution map.



Forests 2021, 12,111

50f 16

Figure 4. Spatial type distribution map.

2.1.2. Sample Collection

We selected nine types of single plant communities, which had high representativeness
and occurrence frequency in the Mingwaiguo scenery zone, and were of the same age and
in good growing conditions. Experimental communities had similar surroundings with
the same underlying surface—grass—on the corner, Ophiopogon japonicus, and weeds. The
multiple tree species present had multiple characteristics, including tree shape, canopy
size and the features of the tree leaves. Experimental design covering multiple tree species
may complicate the variables. It is important to consider the impact of any potential
confounding variables which may bias the estimation of the cooling and humidifying
effects of a green infrastructure. Therefore, we chose eight individual tree species [35,36].
The below-forest vegetation coverage was 80-90%. The height of experimental communities
was 5.0-6.5 m. The width was 50-70 m. The distance to vegetation edge was about 20-40 m.
A 30 m x 30 m plot was selected for each community. In each plant community, nine
measuring points were evenly selected in the east, west, north, and south directions in
each sample. In addition, in order to ensure the environmental consistency of the control
point and each community, the control point was set as bare ground close to the study
area gate. The underlying ground of the control point was concrete, with a distance of
50 m to the experimental groups. To ensure the reliability and comparability of measured
data, the selected communities had similar backgrounds, all away from water and artificial
buildings, while people were accessible. The specific point allocation is shown in Figure 5:

_>i<___ ___3?.'"___--_-.)|<

X

S
™
>< : : ——— Measuring Point Control Point
1
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i y_‘f‘lsﬂrﬂ‘ﬁ_"\r_ei'.-___-___x
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Figure 5. Schematic diagram of measuring and control point allocation in the trial site.
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2.2. Data Source
2.2.1. Time and Index of Measurement

To reduce the error caused by weather, we selected a typical sunny, hot summer
afternoon (with no wind or only breeze, the highest temperature reached 41 °C). The
study period was from 30 July 2016 to 5 August 2016. Within the regular sight-seeing time
(8:00 AM-18:00 PM), measurements were conducted every two hours. A total of 315 groups
of sample data were obtained. The indices of measurement included DBH (diameter at
breast height), crown breadth, canopy density, porosity, temperature, and relative humidity.
We defined the cooling and humidifying effects into the temperature difference and cooling
rate, and relative humidity difference and humidification rate, respectively. The specific
Equations (1)—(4) are as follows

AT CC)=T — Ty 1
dRH i (%) = RH — RHj )

AT yati0 () = (To — T)/To 3)
dRHmtio (% )= (RH - RHO)/RHO (4)

where dT 5 (°C) is the temperature difference; T is the temperature of the test point; Ty is
the temperature of the control point; dRHjg (%) is the relative humidity difference; RH is
the relative humidity of the test point; RH) is the relative humidity of the control point;
dT 4110 (%) is the cooling rate; and dRH 4, (%) is the humidification rate.

2.2.2. Measurement Methods

An NK4000 (Kestrel 4000, Boothwyn, Pennsylvania, PA, USA) portable weather
station [37] was applied to measure the temperature and relative humidity of samples,
with a measuring height of 1.5 m (the height at which humans are most sensitive to
environmental factors). Every sample was measured three times at each test time, where
the used measurement value was the average of the three values. The data of the average
of DBH, crown breadth, tree height, and clear bole height were recorded at the sample spot,
in order to understand the community structure and the associated indices.

Canopy density is the ratio of the sky sphere which is covered by the branches of
trees when looking up at a given point in a woodland [38]. Porosity is the ratio of the
projected area of transparent pores on the vertical plane of the forest edge to the total
projected area of the forest belt on the vertical plane [39]. Canopy density and porosity
were mainly measured by digital image processing. Single vegetation instances had
relatively large area and different degrees of porosity at different positions. To better record
the environmental difference at each experimental point, a Canon 650D camera (Canon,
Tokyo, Japan) was applied to take photos of the vertical images. The porosity could be
generated by calculating the ratio of the projected area of the transparent pores on the
vertical plane of the image to the total projected area of the edge of the forest belt. The
camera was maintained in a horizontal orientation 1.5 m from the ground and a fish-eye
lens was attached to it, in order to take photos of the canopy (from underneath) at the nine
measuring points of each community. The obtained hemispherical canopy digital images
were processed and analyzed using the Adobe Photoshop CS6 software (Adobe Photoshop
13.0), thereby generating the canopy density of each sample [40,41]. The general situation
of the communities is given in Table 1.
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Table 1. Survey of different vegetation types of trial site.

Vegetation Types ACD (m) ADBH (cm) CD p
Acer palmatum 291 £0.21 11.03 £ 1.27 0.70 & 0.05 0.50 4= 0.05
Cerasus 2.52+0.27 10.19 £ 0.61 0.77 +£0.10 0.37 £ 0.07
Sapium sebiferum 3.52 £ 0.66 14.80 £ 1.71 0.85 £ 0.04 0.38 £ 0.02
Magnolia grandiflora 3.34+£0.27 13.95 & 0.89 0.76 = 0.12 0.40 4= 0.02
Osmanthus fragrans 2.61 +0.56 10.40 £ 1.13 0.87 £ 0.07 0.21 £ 0.03
Liquidambar formosana 3.68 £0.52 13.69 £ 0.72 0.81+£0.10 0.35 4 0.09
Atropurpureum 249 +£0.20 7.43 +0.35 0.76 = 0.10 0.37 4= 0.08
Cinnamomum camphora 4254+ 0.33 22.02 == 1.46 0.73 £0.12 0.44 £ 0.12
Cercis chinensis 3.05£0.20 10.50 + 0.68 0.83 £ 0.06 0.32 £0.05

ACD, Average Crown Diameter; ADBH, Average Diameter at Breast Height; CD, Canopy Density; P, Porosity.

2.3. Dummy Variable Regression Model

The major factors that influence plant communities, in terms of relieving the heat
island effect, include canopy density, porosity, vegetation types, etc. While these feature
parameters have mutual effects, a traditional single scatter plot cannot comprehensively
demonstrate the mutual effects of these variables. Therefore, the dummy variable model
was employed in this paper, where we mainly used the function of describing the interac-
tions among attribute variables [42,43]. A dummy variable, in essence, cannot be counted
as a type of variable (e.g., a continuous or categorical variable). The dummy variable
technology is used to transform polytomous variables into binary variables. After virtu-
alization, this variable is regarded as an explanatory variable and applied in a regression
model [44]. The advantage of this method is that multiple factors are included in the whole
sample, which enlarges the sample size and reduces the experimental error.

We first quantified dummy variables (density, porosity, and vegetation types), con-
structed a segmented regression model, and built regression equations of temperature and
humidity, respectively, using the structural parameters and vegetation types of the two
communities. Then, a table of regression model results was generated for each measuring
index, based on the associated dummy variable, in order to discern the optimal structural
parameter range of communities that could perform different ecological functions.

According to the language of dummy variables, the average cooling and humidifying
volume were defined as y, and the coupling regression equation of the performance value of
each ecological function (i.e., cooling and humidifying volume) and the three independent
variables could be built, accordingly. The Equation (5) is

7 7 9
y= Z a;oed; + Z bjop; + Z cktypex + cons (5)
i=2 j=2 k=2

where g;, bj, and c; are the coefficients of the independent variables vcd;, upj, and typey,
respectively, and vcd1, vpl, and typel were set as control groups within the experimental
points. As all dummy variables in the first group were valued 0, constant terms were
regarded as the average of the first group.

Nine points were evenly and respectively selected in the nine chosen single-plant
communities (selection method is shown in Figure 5). The canopy densities and porosities
at these points varied. Part of the dummy variable model process involves dividing the
independent variables into dummy variables, which is also convenient for finding their
thresholds. The data generated at all trial points were classified into the following ranges
(namely, dummy variables):

(1) VCD: The measured concentration range of ved was 0.60-0.95. This variable is an
ordered categorical variable. Therefore, six dummy variables could be generated after
quantification: ved2 (canopy density 0.65-0.70), ved3 (canopy density 0.71-0.75), ved4
(canopy density 0.76-0.80), vcd5 (canopy density 0.81-0.85), vcd6 (canopy density
0.86-0.90), and vcd7 (canopy density 0.91-0.95);
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(2)  VP: The measured concentration range of vp was 0.15-0.60. This variable is an ordered
categorical variable. Therefore, six dummy variables could be generated after quan-
tification: vp2 (porosity 0.26-0.30), vp3 (porosity 0.31-0.35), vp4 (porosity 0.36-0.40),
vp5 (porosity 0.41-0.45), vp6 (porosity 0.46-0.50), and vp7 (porosity 0.51-0.60);

(3) Type: There were nine types of plant in the trial site. This variable is an unordered
variable that was equally distributed. Therefore, eight dummy variables could be gen-
erated after quantification: type2 (Cerasus), type3 (Acer palmatum), type4 (Liquidambar
formosana), type5 (Sapium sebiferum), type6 (Osmanthus fragrans), type7 (Cercis chinen-
sis), type8 (Cinnamomum camphora), and type9 (Atropurpureum).

3. Results
3.1. Regression Equation of Cooling Volume and Relevance Test

The cooling volume passed the F-test at the significance level of 1%. The regression
results showed a highly significant difference (p < 0.01); while R? = 0.88, demonstrating a
relatively good whole regression fit.

Table 2 shows that the coefficients of canopy density were all significantly positive,
demonstrating a positive relationship with cooling volume. The coefficients exhibited
an increasing trend, indicating that an increase in canopy density may partially increase
the positive influence on cooling volume. Canopy density exhibited a highly significant
difference at the level of 1%, demonstrating that, along with the increase in canopy density
(within a certain range), the temperature of vegetation communities and control bare
ground had a larger difference, and the communities had a lower daily temperature and
better cooling effect. All coefficients of porosity were positive, reflecting the positive
influence of porosity on cooling volume. It exhibited a significant difference at the 10%
level in the range of 0.26-0.35 and a highly significant difference in the range of 0.46-0.50,
suggesting the largest impact on cooling effect in this range. The vegetation of L. formosana
and C. chinensis had insignificant differences from M. grandiflora (the coefficient of Magnolia
grandiflora was regarded as 0.000), while the cooling effects of Cerasus, A. palmatum, C.
camphora, and Atropurpureum had highly significant differences (Figure 6).

P
Y 40.00
—
g 35.00
g 30.00
7]
‘D 25.00
2
i 20.00
g 15.00
b
b
= 10.00
]
o
7]
&0 5.00
3]
é 0.00
Sapium Acer Liquidambar Magnolia
.sebi.l‘enun palmahm. formosana W Atropurpureum grandiflora
Osmanthus Cercis Cinnamomum
Cerasus fragrans -chfnr-_‘nsis camphora

Figure 6. Average daily temperature per unit green area of different pure forests in summer.
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Table 2. Regression analysis on canopy density, porosity, vegetation types and cooling volume.

s:::;::::r Section Coefficients Standard Deviation
0.65-0.70 0.852 *** 0.259
0.71-0.75 0.981 *** 0.270
Canopy Density 0.76-0.80 1.123 *** 0.250
0.81-0.85 1.215*** 0.251
0.86-0.90 1.680 *** 0.242
0.91-0.95 1.579 *** 0.277
0.26-0.30 0.630 * 0.342
0.31-0.35 0.595 * 0.353
Porosity 0.36-0.40 —0.079 0.358
0.41-0.45 0.012 0.367
0.46-0.50 0.926 ** 0.387
0.51-0.60 0.518 0.408
Cerasus —1.717 *** 0.273
Acer palmatum —0.866 *** 0.287
Liquidambar formosana 0.379 0.292
. Sapium sebiferum 1.897 *** 0.265
Vegetation Types Osmanthus fragrans 0.740 * 0.423
Cercis chinensis 0.178 0.287
Cinnamontiim —0.535* 0.302
camphora
Atropurpureum —1.376 *** 0.260
Constants 1.309 *** 0.438

#* #* and * represent the significance levels of 1%, 5%, and 10%, respectively.

3.2. Regression Equation of Humidifying Volume and Relevance Test

Humidifying volume passed the F-test at a significance level of 1%, reaching a highly
significant difference (p < 0.01); while R? = 0.84, demonstrating a relatively good whole
regression fit. Table 3 shows that the coefficient of the canopy density variable was positive,
showing a positive relationship with humidifying volume, presenting significant relevance.
The coefficient of the porosity variable was negative, showing a negative relationship with
humidifying volume. This indicates that, in a certain range, the higher the porosity ratio of
the community cross-section, the better the air circulation, thus leading to a worse humidi-
tying effect; however, this exhibited relatively low significance. The p-value distribution of
the vegetation type dummy variable in Table 3 indicates that the humidifying effects of O.
fragrans, C. camphora, and Atropurpureum vegetation had no significant differences from M.
grandiflora vegetation (the coefficient of M. grandiflora was regarded as 0.000). The average
daily humidity capacity of each tree species is shown in Figure 7.

Table 3. Regression analysis on canopy density, porosity, vegetation type, and humidifying volume.

Structure Parameter Section Coefficients Standard Deviation

0.65-0.70 0.001 ** 0.005

0.71-0.75 0.010* 0.005

Canopy Density 0.76-0.80 0.013 *** 0.004
0.81-0.85 0.020 *** 0.004

0.86-0.90 0.023 *** 0.004

0.91-0.95 0.026 *** 0.005

0.26-0.30 —0.005 * 0.006

0.31-0.35 —0.003 * 0.006

Porosity 0.36-0.40 —0.007 0.007
0.41-0.45 —0.012 * 0.008

0.46-0.50 —0.006 0.007

0.51-0.60 —0.011 0.007
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Table 3. Cont.
Structure Parameter Section Coefficients Standard Deviation
Cerasus —0.011 ** 0.005
Acer palmatum —0.013 ** 0.005
Liquidambar formosana 0.019 *** 0.005
. Sapium sebiferum 0.017 *** 0.005
Vegetation Types Osmanthus fragrans 0.002 0.008
Cercis chinensis 0.019 *** 0.005
Cinnamontium 0.002 0.005
camphora
Atropurpureum —0.003 0.005
Constants 0.023 *** 0.008

,**, and * represent the significance levels of 1%, 5%, and 10%, respectively.

30.00
20.00
10.00

0.00

L (=} ~J
o (=) =]
g8 8 8

8

Average daily relative humidity in summer ( 9 )

m Sapium Acer hqmdmnhar Magnolia
W ebiferum pd.imdhm formosana WATopurpureum grandiflora
Osmanthus Cercis Clinnamormum

Cerasus -
= fragrans chinensis camphora

Figure 7. Average daily humidity per unit green area of different pure forests in summer.

3.3. Average Analysis of Regression Model Based on Dummy Variables

Canopy density and porosity are common parameters for describing plant commu-
nities. In order to further examine the specific influence of different vegetation types on
cooling and humidifying effects, as well as to figure out the optimal ranges of canopy
density and porosity for vegetation, we compared the mean values of the two variable
regression models.

3.3.1. Mean Value of Regression Model of Canopy Density, Porosity, and Cooling Volume

Table 4 shows that, for one range of porosity—apart from individual values—the
increase in canopy density followed a general increasing trend of cooling volume, where
the total cooling volume for relatively low canopy density was significantly lower than
that for relatively high canopy density.

Table 4 also demonstrates that, when the canopy density was higher than 0.9, the
cooling volume exhibited a decreasing trend. This result indicates that, based on the
influence of the outer environment and the growth features of vegetation, for communities
within a certain measurement range, the higher canopy density of vegetation led to a higher
cooling effect. However, overcrowded vegetation prevented air diffusion and circulation,
thereby negatively influencing the cooling effect. In order to maintain the cooling volume
at a relatively high level, the optimal range of canopy density was determined as 0.81-0.85,
while the optimal range of porosity was 0.31-0.35.
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Table 4. Mean values of the regression model of canopy density, porosity, and cooling volume.

P
N 0.15-0.25 0.26-0.30 0.31-0.35 0.36-0.40 0.41-0.45 0.46-0.50 0.51-0.57

0.60-0.64
0.65-0.67
0.71-0.75
0.76-0.8

0.81-0.85
0.86-0.9

0.91-0.95

- 0.6 0.3 1.7 0.1 1.9 1.2

0 2.55 2.7 2 1.5 2.6 24
3.6 2.6 1.2 2.2 1.13 3.1 1
3.6 3.8 3.1 293 1.9 2.1 1.7
2.1 2.25 42 3.875 2.7 3.75 2.7
3.9 4.1 3.65 2.766 2.667 1.7 3.1
3.35 3.8 3.3 2.55 2.7 - -

The lacking values in the table refer to situations which are unsuitable for the normal growth of trees and, so, were absent in the

actual measurements.

3.3.2. Mean Value Results of Regression Model of Canopy Density, Porosity, and
Humidifying Volume

Table 5 shows that, for one range of porosity—apart from individual values—the in-
crease in canopy density followed a significantly increasing trend for humidifying volume,
presenting a significant positive relationship with canopy density. The general humidifying
volume at relatively low porosity was higher than that for relatively low porosity, exhibiting
a certain negative influence on the humidifying effect. Therefore, to maintain humidifying
volume at a relatively high level, the optimal range of canopy density was 0.81-0.85, while
that of porosity was 0.31-0.35.

Table 5. Mean values of regression model of canopy density, porosity, and humidifying volume.

P
N 015-025  0.26-0.30  0.31-0.35  0.36-0.40  041-045  046-0.50  0.51-0.57

0.60-0.64
0.65-0.67
0.71-0.75
0.76-0.8
0.81-0.85
0.86-0.9
0.91-0.95

- 0.01 0.004 0.014 0.001 0.033 0.005
0.009 0.0185 0.019 0.021 0.0165 0.017333 0.02
0.033 0.031 0.05 0.034 0.008667 0.001 0.014
0.052 0.05 0.0585 0.038 0.021 0.007 0.004
0.044 0.0425 0.064 0.0505 0.03 0.0545 0.034

0.050333 0.055 0.054 0.0505 0.035667 0.026 0.04
0.052 0.067 0.0545 0.047667 0.034 - -

The lacking values in the table refer to situations which are unsuitable for the normal growth of trees and, so, were absent in the

actual measurements.

3.3.3. Analysis on Threshold of Community Structure Parameters of the Aggregated
Green Infrastructure

According to the above analyses, the optimal range of canopy density was 0.81-0.85,
while that of porosity was 0.31-0.35, in order to keep the cooling and humidifying effects
at relatively high levels. These results demonstrate that the urban aggregated green
infrastructure can facilitate cooling and humidifying effects, which may serve to alleviate
the urban heat island effect. Plant communities with high density and a complex structure
had better cooling and humidifying effects. However, very high canopy density and very
low porosity were not conducive to air circulation in the community, and so the heat
emission was slow, resulting in a poor cooling effect for plants and no obvious humidifying
effect. Therefore, the best cooling and humidifying effects of plant communities were
obtained with the range of canopy density being 0.81-0.85 and that of porosity being
0.31-0.35.

4. Discussion
4.1. The Dummy Variable Method

At present, most experimental data—with respect to the cooling and humidifying of
urban aggregated green infrastructure—were obtained by actual measurement or remote
sensing. There may be experimental errors in the data acquisition or analysis, due to other
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factors that could not be adjusted. Thus, it is important to consider the impact of any
potential confounding variables which may bias the estimate of the cooling effect of a green
space. In this study, we attempted to solve the problem of determining the quantitative
relationships of community parameters; therefore, we introduced the dummy variable
model to define the optimal threshold, such that the abnormal factors were included
in the overall sample, the data sample size was expanded, and the experimental error
was reduced [45]. The application of virtual variable regression analysis in the relevant
literature has mainly focused on natural plant communities and urban meteorological
monitoring points [46—48]; for instance, virtual variables were used to analyze the dynamic
effects of the Urban Haze control program [49], build single-tree biomass models [50,51],
and to identify the differences in spectral response between two types of forest disturbances
and their temporal dynamics [52]. As a typical urban aggregated green infrastructure plant
community has a relatively small area, real-time monitoring at allocated points can be
applied for data acquisition. In addition, due to the complicated surroundings and various
vegetation types inherent in urban aggregated green infrastructure, the key advantage of
using dummy variables is in reducing the interference of outer influence factors, in order
to effectively classify and analyze the variables in the experiment. Therefore, the dummy
variable regression analysis herein can be taken as a reference for future interdisciplinary
ecological research.

4.2. Threshold Value of Plant Community Structure Parameters in the Aggregated
Green Infrastructure

Many studies have shown that trees can affect the air temperature and relative humid-
ity through shading, transpiration, and evaporative cooling. There has been some evidence
that the cooling effect of a plant community increased with its canopy density, although it
was not clear whether there was a better threshold or if there is a simple linear relationship.
Our study results showed that the canopy density of urban aggregated green infrastructure
had a significant positive correlation with cooling and humidifying, while the porosity
had a positive correlation with cooling but a negative correlation with humidifying effect,
respectively. These findings were similar to previous research results [18,53]. At present,
most studies have focused on the correlations between canopy density, porosity, and cool-
ing and humidifying, while few have paid attention to parameter thresholds [54,55]. Zhu
reported that, when the canopy density reached 44%, the effect became significant. When
the canopy density exceeded 67%, the effect was significant and stable [56]. In this paper,
we further discussed the threshold values optimizing the effects of canopy density and
porosity on the mitigation of heat island effect. By introducing dummy variables, the two
community structure parameters—namely, porosity and canopy density—could be intro-
duced into the model. Our results suggest that, when the canopy density is 0.81-0.85 and
the porosity is 0.31-0.35, the effects of community cooling and humidifying are optimal. In
conclusion, due to different performances in alleviating the heat island effect, as well as the
different canopy densities and porosities of different communities, a comprehensive choice
considering factors such as regional features, growing situations, community structure,
and vegetation types could lead to a reasonable allocation of vegetation, in order to reduce
the urban heat island effect and, further, reduce the influence of hot weather on the natural
and living environment.

4.3. Effects of Plant Community Structure Parameters on Cooling and Humidifying in AgQregated
Green Infrastructure

Previous studies on urban green infrastructure have mostly focused on the community
complex [57-59]. Zhang et al. studied the cooling and humidifying effects of vegetation
communities in Shanghai, and found that communities with more complicated structure,
high canopy closure, large leaf area index, and high plant height had more significant
cooling and humidifying effects [60]. Few detailed attempts have been made to directly
understand the correlations between cooling and humidifying effects and urban aggregated
green infrastructure. In this study, we assessed the urban aggregated green infrastruc-
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ture, where our related results confirm previous studies. Previous studies in Beijing [17],
Shenzhen [61], Osaka [62], and London [63] have concluded that the leaf area and canopy
density indices have significant relevance for cooling and humidifying effects. Some stud-
ies have shown that aggregated green infrastructure with more than 50% hard cover and
almost no arbor and shrub coverage may not have obvious cooling and /or humidifying
effects. Therefore, canopy density is particularly important for promoting cooling and
humidifying effects. In the aggregated green infrastructure, the overall greening coverage
rate is usually more than 60% [6]. In this study, canopy density had a significant positive
influence on both cooling and humidifying effects, while porosity had positive relevance
to the cooling effect and negative relevance to the humidifying effect. This pattern may
have been due to the cross-section of summer community having high porosity and good
breathability, which is good for air circulation, thereby leading to a rapid decrease inf
temperature. Outer air comes into the humid inner space and takes vapor away, thereby
reducing the relative humidity of the community. Therefore, it is equally important to
increase the complexity of the spatial types in aggregated green infrastructure [64]. Having
a certain area or proportion of open space and water is conducive to the circulation of
air, reducing the environmental temperature and achieving the purpose of collaborative
cooling. As for future research, there is a strong need for multi-scale studies combining
actual measurements with remote sensing, in order to improve the accuracy. Therefore,
we suggest that a key line of future research is to explicitly investigate the distance- and
size-dependence of the effects of green areas, allowing explicit bottom-up predictions of
the effects of particular amounts and spatial arrangements of greening.

5. Conclusions

We applied a virtual variable regression model, reduced the mutual effect of various
factors, and quantized the relationship equations of structural parameters of community pa-
rameters and vegetation types with cooling and humidifying effects. We also applied mean
value tables, in order to determine the optimal ranges of canopy density and porosity, thus
providing quantitative models for an efficiency evaluation system regarding alleviating the
heat island effect by means of urban aggregated green infrastructure.

We showed that canopy density had significantly positive relationships with both
cooling and humidifying effects, while porosity had a positive relationship with the cooling
effect and a negative relationship with the humidifying effect. Different types of vegetation
had different influences on cooling and humidifying effects. The cooling and humidifying
effects of vegetation communities were optimal when the canopy density was in the range
of 0.81-0.85 and the porosity was in the range of 0.31-0.35. This paper initially summarizes
three characteristics which are key for urban aggregated green infrastructure: that the area
is larger than three hectares, the spatial types should be diverse and complex, and the green-
ing coverage rate should be more than 60%. This study provides a better understanding of
how to handle the heat island effect, thereby improving human well-being.
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