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Abstract: In the context of global warming, more and more cities are experiencing extreme Urban
Heat Island (UHI) effects and extreme weather phenomena, but urban green spaces are proven to
mitigate UHI. Most of UHI’s research focuses on the large scale and uses remote sensing methods,
which do not reflect the dynamic characteristics in detail and do not detect internal influencing
factors of the green space cooling effect. Therefore, this study focused on Small Green Spaces (SGS),
carrying out the measurement of the meteorological parameters (temperature, relative humidity,
wind direction, wind speed, photosynthetic radiation) of the 16 sites in four types of coverage
(Impervious surface; Shrub-grass; Tree-grass; Tree-shrub-grass) in a university campus. At the same
time, the coverage characteristic parameters, such as Canopy Density (CD), Leaf Area Index (LAI),
Photosynthetically Active Radiation (PAR), Mean Leaf Angle (MLA), of each plot were analyzed
and compared. The results showed that there were significant differences in temperature among
different coverage types in SGS. The biggest difference was concentrated in the noon period when
solar radiation is strongest during the day. The difference between the four types of coverage with
vegetation at night was small. The maximum air temperature difference among the four types could
reach 8.9 °C and the maximum relative humidity difference was 28.5%. The cooling effect of the
multi-layer vegetation-covered (Tree-shrub-grass) area was the largest compared to the impervious
surface, indicating that tree cover was the core factor affecting the temperature. Temperature and
relative humidity had a close correlation with surface coverage types and some plant community
characteristics (such as CD and LAI). The cooling and humidifying effects of plants were also
related to PAR and leaf angle. The results provide suggestions for green space management and
landscape design.
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1. Introduction

Rapid urbanization has changed the structure of urban surfaces. According to statistics, more than
50% of the global population is urban; it is estimated that by 2050, the proportion of the urban
population will exceed 66% [1]. Urban areas are the center of human activities, energy consumption,
and greenhouse gas emissions, which contribute to global climate change. Most of the cities are located
in plains at lower elevations [2]. Due to the composition of the underlying surfaces of the city (urban
roughness) such as impervious surfaces, buildings, and municipal facilities [3], have led to a change
in the local climate that has resulted in problems such as urban heat island effects [4]. Local climate
change is caused by two different but related reasons. One of them includes surface cover, building
materials and building forms [5]. The other one is anthropogenic activities, such as industrialization,
transportation, solid waste generation, and excess waste-water generation, which have also been
reported to influence the natural structure of cities [6]. The urban form also has an impact on urban
heat island, as many researchers have demonstrated this [7,8]. Due to the lack of consideration
on the relations between urban forms and urban ventilation in city planning, the urban ventilation
environment is getting worse and worse, hence, increasing the intensity of the heat island effect. This
drawback forms the backbone of enormous research interest in the adjustment of urban form and
urban function, especially adjusting the microclimate to mitigate the heat island effect.

Urban heat island (UHI) was first discovered by Luke Howard in 1818, which refers to the
phenomenon that cities are warmer than surrounding rural areas [9]. From then, UHI effects have
been studied over the last two centuries. Generally, the traditional heat island measurement is called
“canopy layer urban heat island”, which exists in the layer where people live, from the ground to
below the tops of trees and roofs [10]. This shows that the urban heat island is obtained from the
measurement of the air temperature in the city. Because the air is flowing and transparent, there is no
effective recording method to indicate its spatial state. Most scholars study the urban heat island effect
by using satellites [11–16]. The surface temperature obtained from the image needs to be calibrated.
Although there is a certain relationship between the surface temperature and the air temperature,
this relationship becomes extremely uncertain due to the heterogeneity of the surface. Furthermore,
human thermal comfort is related to air temperature, mean radiant temperature, wind speed and
relative humidity [17,18], thus, studying the characteristics of microclimate at the city scale is more
conducive to interfacing with urban planning. From the thermal conduction studies, the simulation
method was commonly used to investigate with a different scale. For example, the Urban Weather
Generator (UWG) model was mainly applied to simulate the local microclimatic phenomena in the city
scale [19]. In the mesoscale weather simulation, the Computational Fluid Dynamics (CFD) model was
widely used to estimate the thermal conduction and heat flux in city areas such as buildings and street
levels [20,21].

Urban cool island (UCI) usually refers to the areas that have a lower temperature compared with
their surroundings such as vegetation areas and water bodies in cities [22,23]. Vegetation changes the
three-dimensional space of the city seasonally and also changes the incident and reflected energy of the
sun. Vegetation cools down the air and surfaces through evapotranspiration and shadows. Soil and
water use their own absorption and high heat capacity to achieve the cooling effect [24]. In addition
to the physical properties of the above-mentioned and other urban constituent materials, the impact
of green space layout is also proven [25,26]. At present, there are two main scales for studying the
cooling effect of urban green space (UGS): one is large-scale research based on satellite imagery and
meteorological data [27–29]; these studies applied indicators such as park cooling intensity (PCI) and
green space cooling intensity (GCI) to quantify the cooling effect of UGS [22,30,31]. The other one is
small-scale research through field observation and application of models [17,32,33]. Field observation
data can more directly and accurately characterize the dynamic relationship between urban green space
and atmospheric temperature than other spatial datasets derived from satellite imagery. This approach,
at this scale, has an important practical guiding significance for the rational planning and layout of
urban green space. Compared with the large-scale landscape design, the small-scale design is easier
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to manage. The SGSs like cells in the city play an important role in regulating the microclimate [34].
Specifically, they play a significant role in improving the environmental quality of local microclimate.
However, the role played by SGSs has often been neglected in research.

This article is in the context of the rapid spread of global urbanization. A series of urban
homogenization symptoms continue to be unraveled [35–37], for instance, a study shows that urban
plant communities from 35 Chinese cities had lower dissimilarities of species composition between
urban areas than these of plant communities in natural areas. More specifically, plant species from
families like Prunus, Populus, and Magnolia have contributed to the homogenization of urban woody
plants, due to their wide use in landscaping during the rapid urbanization [38]. Another study also
showed that China’s urban plant communities are becoming homogenized, as urban communities of
different cities are highly similar to each other despite the geographical separation [39]. Green spaces
in different cities often exist with the same plant communities, hence, it is of universal significance
to study a certain type of green space. Traditional studies on urban thermal environments focused
on large-scale ranges [40], these studies used satellite images with low resolution which were unable
to identify small-scale complex factors, and could not reflect the hourly changes in urban thermal
environment. From this perspective, this article employed SGS as study areas and applied related
instruments to quantify and explore the impact of different coverage types on the thermal environment,
with an outlook towards future small-scale landscape design.

In this study, the time was selected in the hot and dry summer of August 2019, and the study
area was selected in the green spaces of a university campus. The research object includes four
differently coverage surface types in four green spaces, canopy and vegetation parameters in 16 spots
were quantified by instruments. The thermal performance of the coverage type and its impact on
the meteorological parameters were analyzed and compared. The intrinsic influencing factors for the
regulation effect of green spaces on microclimate were also conducted. This is also a topic of practical
significance in the context of reducing UHI.

The objectives of this study were:

• To study the spatiotemporal microclimatic characteristics of different types of green spaces types
on hot and dry summer days.

• To analyze and compare different surface coverage types of SGS on microclimate.
• To analyze the relationship between microclimatic and coverage characteristics (vegetation

structure, coverage attributes, leaf area index, leaf angle, photosynthetic radiation) of the
green space.

2. Materials and Methods

2.1. Study Area

This study was undertaken in Zhengzhou (34◦160 N–34◦580 N, 112◦420 E–114◦140 E), the capital
city of Henan province in central China. It located the north China plain and close to the Yellow River.
The city is one of the largest transportation hubs in China. The population of the city was approximately
9.56 million according to the 2018 census [41]. The population density (1390/km2) is the second-highest
in China. Zhengzhou lies in a dry-winter humid subtropical climate zone according to the Köppen
climate classification system [42]. The annual average temperature was 15.6 °C; August was the hottest,
with a monthly average temperature of 25.96 °C; January was the coldest, with a monthly average
temperature of 2.156 °C. The annual average rainfall was 542.15 mm [41].

The research plot was selected on the campus of Henan Agricultural University (HAU) in Jinshui
district, within Zhengzhou city. The entire campus is about 23 ha. The sample area is located on the
east side of the campus, next to the east gate (Figure 1). Garden A, B, C and D are 0.21 ha; 0.26 ha;
0.23 ha and 0.25 ha, respectively. These gardens are surrounded by teaching and learning buildings.
The average height of the surrounding buildings is about 18 m, so the energy exchange with the
surrounding was relatively weak compared with the area with no surrounded by buildings.
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Figure 1. Location of the study area and the 16 measurement sites, four coverage types in four similar
size gardens (A–D) in HAU campus.

In addition to providing leisure spaces for teachers and students, the four selected campus green
spaces are also the experimental bases for the teaching of landscape architecture. Each garden has
open spaces and different vegetation coverage types. The four gardens are mainly composed of
evergreen plants (such as Cedrus deodara, Ligustrum compactum, Buxus mollicula, etc.), deciduous
plants (Platanus orientalis Linn., Cinnamomum camphora; Bischofia javanica, Salix babylonica,
Styphnolobium japonicum, Magnolia denudata, etc.), shrub (Fatsia japonica; Lagerstroemia indica,
etc.) and grass (Ophiopogogon japonicas; Shamrock.etc.) with high vegetation coverage.

2.2. Data Measurement

This study chose four coverage types (1—impervious surface, 2—shrub–grass, 3—tree-grass,
4—tree-shrub-grass) in each garden (A, B, C, D), 16 measurement points in total (Table 1). It should be
emphasized that different colors are selected according to the four types of features in the illustration.
Red represents the impervious surface, yellow represents the Shrub–grass type, light green represents
the Tree-grass-type, and the dark green represents the Tree-shrub-grass multilayer (≥3) community.
It can be seen from the color that the richer the vegetation cover the more green it was.

Table 1. The statistics of each site.

Sample No. Types Latitude Longitude PAR Average
(µmol/m2s) CD (%) LAI MLA (◦C)

Garden A

A1 Impervious
surface 34.78642 113.6592 817 22.9 0.43 89.8

A2 Shrub-grass 34.78647 113.6591 1721 36.0 0.42 89.8
A3 Tree-grass 34.78647 113.6592 121 55.3 0.81 51.3
A4 Tree-shrub-grass 34.7865 113.6594 42.73 77.1 1.6 27

Garden B

B1 Impervious
surface 34.7864 113.6597 1367.6 30.2 0.82 89.745

B2 Shrub-grass 34.78638 113.6598 421.29 43.3 0.8 89.745
B3 Tree-grass 34.78644 113.6597 17.14 80.3 2.04 41.862
B4 Tree-shrub-grass 34.78626 113.6598 20.8 93.4 3.22 35.439

Garden C

C1 Impervious
surface 34.78577 113.6599 1436.3 34.1 0.61 89.745

C2 Shrub-grass 34.78574 113.66 1193.44 37.0 0.49 89.745
C3 Tree-grass 34.78596 113.6598 46.65 80.0 1.85 32.437
C4 Tree-shrub-grass 34.78584 113.6599 33.71 94.0 4.35 10.226

Garden D

D1 Impervious
surface 34.78582 113.6592 1623.88 23.2 0.42 89.745

D2 Shrub-grass 34.78578 113.6594 1176.27 28.4 0.35 89.745
D3 Tree-grass 34.78575 113.6592 79.91 88.6 2.35 18.976
D4 Tree-shrub-grass 34.78597 113.6592 251.26 86.3 2.37 52.200
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2.2.1. Measurement of Air Temperature and Humidity by Using iButton

In view of the need for continuous synchronized observations at different points, 16 iButton
sensors (DS 1923, Wdsen Electronic Technology Co., Ltd., Shanghai, China) were used in the study to
set the same observation time and frequency. The iButton was invented and exclusively produced by
Dallas Semiconductor, and can be installed almost anywhere, making it easy to use. Sensors can easily
be influenced by environmental conditions [43]. In order to reduce the influence of sunlight and other
factors, small radiation shields were made outside the sensor. In each site, we placed iButton sensors
inside a homemade radiation shield (paper cup) at 1.5 m above the ground, the iButtons were fixed in
a tripod in case of coverage type 1 and 2 (no tree cover), while the iButton in type 3 and 4 (with tree
cover)were fixed in the tree directly (Figure 2).
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Figure 2. Sixteen measurement points in garden A, B, C, D; Plant canopy imager and weather station
used in measurement.

The measurement time was conducted between 7–9 August 2019 with sunny and calm days in
summer. The air temperature (AT) and relative humidity (RH) data were automatically recorded every
5 min. Considering the wind speed and direction impact on the AT and RH, the study refers to the
local wind speed and wind direction (Figure 2) recorded by a long-term fixed small weather station on
the campus, in order to correct and analyze the results.

Before the measurement, the 16 iButtons samples were removed from the site, shipped back to
the laboratory and tested using a calibrated reference thermometer and hygrometer. The average
difference between the iButton and the laboratory sensor AT was ± 0.2 ◦C (range 0.35 ◦C), and RH was
± 1.5% (range 4.5%).

The iButton and improved shielding system we used in this study had random errors, but according
to the manufacturer’s specifications, the overall deviation is small. Compared with the standard
research-grade sensor system, the deviation of the iButton temperature measured using a simple
self-made radiation shield was <1 ◦C in the morning, and before sunset in the evening was <1 ◦C.
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2.2.2. Measurement of Plant Canopy Parameters

In addition to temperature and humidity, we used CI-110 Plant Canopy Imager (Felix Instruments,
WA, USA). The CI-110′s digital platform was enabled to simultaneously capture wide-angle plant
canopy images and estimate Leaf Area Index (LAI) [44] and Photosynthetically Active Radiation
(PAR) [45] levels from a single canopy scan. In order to analyze the influence of these factors on
temperature and humidity, the canopy analyzer was applied to measure PAR, CD, LAI, MLA, and other
data in each sample point (Table 1, Figure 3).Atmosphere 2020, 11, x FOR PEER REVIEW 7 of 19 
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The units for PAR is µmol/m2s and this metric is commonly referred to as the Photosynthetic
Photon Flux Density (PPFD) or the number of photons in the 400–700 nm range received by a specified
area over a given period of time. This value will range from 1 µmol/m2s to 2000 µmol/m2s.

LAI is used to characterize plant and forest canopies [46]. In this study, the LAI is calculated
based on the measured gap fraction of the image. This article uses the Otsu method [47,48] to calculate
the LAI value of each site. The Otsu method is a commonly chosen method for mixed forest canopies.
This threshold approach is a clustering-based method that classifies the threshold of an image at which
intra-class variance is minimized and interclass variance is maximized. The CI-110 uses the model
from John Norman [45,49] for predicting scattered and transmitted PAR and inverts it to find PAR
based LAI according to the Equation below:

L =

[(
1− 1

2K

)
fb − 1

]
τ

A(1− 0.47 fb)
(1)

where:
L = leaf area index
A = 0.283 + 0.785a− 0.159a2

a = leaf absorptivity in PAR wavelengths of light; this value can range from around 0.5–0.9,
the CI-110 uses 0.9.

K = the extinction coefficient at each zenith angle.
fb = beam fraction
τ = ratio of below canopy PAR to above canopy PAR
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The leaf angle distribution (LAD) of a plant canopy is the angular orientation of the leaves in the
canopy. In LAI calculations, this is described mathematically as a statistical distribution of leaf angles
on different planes. Plant canopies can range from having more erectophile leaf area distributions,
such as onions which have very vertical orientation of their leaves, to more planophile, such as
strawberries or oak trees that have more horizontal orientation of their leaves.

2.3. Data Analysis

Data analysis was conducted mainly from the following aspects:

• Summarize the overall changes of the research subjects during the measurement period, comparing
the effects of four types of coverage during the day and night on temperature and humidity

• Using the measured data of different dates, analyze the spatiotemporal changes of temperature
and humidity between the four types of coverage, especially the comparative analysis of the
measured values of the four types of coverage, and obtain the effect of the type of coverage on the
temperature and humidity changes

• By comparing the four factors (PAR, CD, MLA and LAI) to different degrees of impact on
temperature and humidity.

In the data analysis, SPSS version 25 was used to analyze and illustrate the spatiotemporal
changes of temperature and humidity. At the same time, in order to compare the human comfort of
different green space types, the Rayman software was used to quantify the thermal index at different
points [50,51]. Specifically, Physiologically Equivalent Temperature (PET) is used as an indicator to
measure human comfort. Its principle is based on human energy balance, mainly calculated from
meteorological factors such as radiation intensity, air temperature, air humidity, and wind speed.
The medium dressing index and human activity selection software aggregate high standard values.
It should be noted that here mean radiant temperature was applied before calculating the PET, and the
average radiant temperature (Tmrt) was calculated based on the method described in one article [52],
and other studies have also used this method [53–55]. Tmrt can be regarded as the synthesis of all
radiant fluxes, and it is an indicator to calculate the comprehensive influence of the surface temperature
in a given area. Therefore, it is an important factor that determines human comfort, and it has better
response ability in low wind and hot weather. However, the change in Tmrt depends largely on the
microclimate and local factors (such as the type of surface material and coverage type), which are
comprehensive factors.

We selected the noon time (11:30 a.m.–01:30 p.m.) when the radiation and the air temperature
were the highest, this largely reflects the difference of vegetation types. Given the changes in weather
conditions during the observation period, the median values were used in this analysis because they
were a better way to generalize when outliers are present. The median value shows the midpoint of
the observed value, so it is less affected by the extreme value than the average value.

3. Results

3.1. Historical Statistics of August in Zhengzhou

Based on the City Statistical Yearbook 2000–2018 [41], we extracted the long term air temperature
in August of the past 18 years of Zhengzhou city (Figure 4). From the figure, the mean air temperature
in August is 26.4 °C, the minimum air temperature in August is 11.9 °C, which appeared in the year of
2003. The maximum temperature in August in Zhengzhou was 39.6 °C in August 2013 is usually a hot
period in summer in Zhengzhou.
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Figure 4. The long term climatic data (Max-Maximum air temperature; Mean-Mean air temperature;
Min-Minimal air temperature) of August from the Zhengzhou city Statistical Yearbook (2000–2018).

3.2. Statistical Results of Atmospheric Conditions in the Study Spots

From Table 2, the highest temperature appears in the afternoon of 8th August 2019 (01:15 p.m.),
with a temperature of 40.2 ◦C (point A1, impervious surface). The low-temperature zone appears at
midnight (11:50 p.m.), before dawn (04:15 a.m., 05:35 a.m.), the minimum temperature reaches 24.2 ◦C.
Compared with the historical data of the same period, the value of the maximum temperature was
higher than the highest value of extremely high temperatures in history. This shows that the area we
studied was hotter in 2019 than the historical records of August in Zhengzhou shows. During the
measurement period, the mean PET value were all above threshold 41 (Table 2), and thermal perception
was “very hot”, indicating that the weather was not comfortable for human activities. People could
feel extreme heat stress [50].

Table 2. The climatic data statistics from the study period.

Date
Air Temperature (◦C) Relative Humidity (%) Wind Speed (m/s) PET (◦C)

Max Min Mean Max Min Mean Max Min Mean Mean

7 August 2019 39.9 (15:30) 25.8 (23:50) 32.1 89.5 36.7 61.8 0.419 0 0.051 43.9
8 August 2019 40.2 (13:25) 24.2 (04:15) 30.7 97.7 39.5 70.2 0.173 0 0.016 45.7
9 August 2019 38.8 (10:20) 25.9 (05:35) 30.4 91.4 44.7 75.4 1.1 0 0.104 42.3

The median wind speed measured on the campus weather station for the three days was less than
0.1 m/s (Table 2), while the wind direction changed frequently. From compass readings in Figure 5,
the wind direction was concentrated between WSW and S for the first day (07/08/2019) and was
quite varied during the second day (08/08/2019), and was SW on the third day (09/08/2019) (Figure 5).
However, considering the low wind speed (the average was lower than 0.1 m/s), the impact of wind on
air temperature and humidity was negligible.
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3.3. Changes in Temperature and Humidity of Different Vegetation Coverage Types

From the data (Figure 6: Garden—A, B, C and D; Coverage type 1, 2, 3 and 4), the following
results can be obtained:

(1) The air temperature shows as type 1> type 2> type 3> type 4, but the humidity was opposite,
indicating that more vegetation coverage makes the temperature lower and makes the surrounding
more humid.

(2) The difference between the four coverage types was not the same during the day and night
in temperature and humidity. The difference in the morning (around 6:00 a.m.) and evening
(06:00 p.m.) was smaller than that of around noon, because the four types differ significantly in
temperature and humidity values around noon. At night (06:00 p.m.–6:00 a.m.), the temperature
and humidity values of four coverage types were relatively close. It is worth noting that the
humidity of the impervious surface was greater at night, sometimes higher than the humidity of
the other three vegetation coverage types, but with relatively close temperature values.

(3) The four coverage types (1, 2, 3 and 4) essentially showed the same symptom (Figure 6).
The type 1 (impervious surface) had the highest temperature and the lowest relative humidity,
but the type 4 (tree-shrub-grass) multilayer vegetation structure has the lowest temperature.
The maximum temperature difference could reach 8.9 °C (Garden B: B1 and B4, 09/08/2019,
10:45 a.m.). The maximum relative humidity difference was 28.5% (Garden B: B1 and B4).
Even the lowest temperature difference reached 5.2 °C (Garden C, C1 and C4, 08/08/2019,
11:34 a.m.), and the humidity difference was 14.4% (Garden C: C1 and C4, 08/08/2019, 11:25 a.m.).
At noon, the temperature of type 2 (shrub-grass) and type 1 was significantly higher than the type
3 (tree-grass) and type 4, indicating that the tree cover was the core factor affecting temperature,
but from the comparison of humidity. The humidity of type 3 and type 4 was much higher than
that of type 1 and type 2, indicating that tree cover could increase the humidity of the environment.
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3.4. Comparison of Influencing Factors

Around noon (11:30 a.m.–12:30 p.m.), solar radiation was the largest. Vegetation coverage,
shadows and photosynthesis have the strongest influence on the surface. From Figure 7, the canopy
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density (CD), leaf area index (LAI), photosynthetically active radiation (PAR), mean leaf angle (MLA)
had an effect on air temperature and relative humidity. First, Pearson correlation was used to analyze the
influencing factors. The results showed that the correlation between air temperature (AT) and relative
humidity (RH) and plant community characteristics was very high (both were greater than 0.7, p < 0.001).
The highest correlation between RH and CD reached 0.921 (negative correlation) and 0.905 (positive
correlation), respectively (Table 3). In short, there was a close correlation between temperature, relative
humidity, surface cover types and vegetation structural characteristics (Figure 7). Further analysis was
therefore required to understand the regression relationship between the characteristics of vegetation
structure and the effect of cooling and humidification.
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Table 3. Pearson correlation coefficients of the characteristics of surface type on AT and RH.

PAR Average Canopy
Density

Mean Leaf
Angle

Leaf Area
Index

Air
Temperature

Pearson
Correlation 0.820 ** −0.921 ** 0.813 ** −0.763 **

Sig. (2-tailed) 0.000 0.000 0.000 0.001

Relative
Humidity

Pearson
Correlation −0.825 ** 0.905 ** −0.796 ** 0.733 **

Sig. (2-tailed) 0.000 0.000 0.000 0.001

** Correlation is significant at the 0.01 level (2-tailed).

The results of linear regression analysis revealed that CD (R2
AT = 0.848, R2

RH = 0.819, respectively,
Figure 8a) and LAI (R2

AT = 0.538, R2
RH = 0.581, respectively, Figure 8b) had a positive effect on

cooling air temperature and increasing relative humidity, while average PAR and MLA had a negative
effect on cooling AT and increasing RH (Figure 8c,d). In relation to the vegetation characteristics (CD
and LAI), the CD on cooling and humidification was more significant than that of LAI. In addition,
it was discovered that other factors such as solar radiation and wind speed also could affect cooling
and humidification effects [56,57]. The regression results showed that solar radiation had a positive
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significant effect on increasing temperature and decreasing relative humidity (Table 3, Figures 7 and 8c).
However, due to the small range of changes in wind speed during the observation period (Table 2),
its impact on temperature and relative humidity was small, thus, no separate analysis was performed.
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4. Discussion

4.1. Influence of Coverage Types on Thermal Microclimate

Previous studies on urban heat islands on a large scale indicated that the heat island intensity
during the day changed differently from the heat islands at night, and the UHI intensity at night
was greater [10,58]. However, on a small scale, as observed in this study, the temperature difference
between the vegetation space and the non-vegetation space was small at night, but the air temperature
and relative humidity difference during the day were large. Thus, we can realize that SGS has faster
heat conduction with the surrounding than that between urban and rural regions. The cooling effect of
green space can be explained essentially from the perspective of heat balance [59]. First of all, the heat
source comes from solar radiation. Infrared rays in sunlight can warm up the irradiated material,
and the temperature of the material is mainly determined by the heat capacity of the material itself.
Compared with the impervious surface, the leaves of plants have higher heat capacity. Therefore,
under the same amount of radiation and time, the temperature of the area covered by the plant rises
more slowly, mainly due to photosynthesis. In this process, the evaporation of water from the earth
will evaporate the heat and reduce the temperature. Secondly, we can also use the Bowen ratio to
explain some of the results in this article. The Bowen ratio is the ratio of sensible heat flux to latent
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heat flux [60,61]. In heat conduction, the heat energy (sensible heat flux) absorbed by the green space
from the surrounding environment should be equal to the excess energy resistance (latent heat flux)
generated by photosynthesis and transpiration, to balance the heat conduction. More green space
means more energy dissipation, which leads to more heat energy conduction. Therefore, the types
with high vegetation cover density and larger plant leaf area density have higher energy resistance,
thereby reducing the Bowen ratio, and the cooling effect is also the most significant.

The cooling effect of different coverage types can also be explained by surface “radiative properties”
such as albedo and emissivity [62,63]. The solar reflectance or albedo is the percentage of solar energy
reflected by a surface. At noon, the radiation was the highest period, as for impervious surface type,
which had a lower albedo than that of vegetation coverage types (2—Shrub-grass; 3—Tree-grass;
4—Tree-shrub-grass in this article) in this study. Generally, an impervious surface reflects less and
absorbs more of the sun’s energy. Therefore, this type (no vegetation cover) has a higher temperature
than the other three types (cover with vegetation).

The impervious surface is the core area of the urban heat island. In agreement with the large-scale
research [16,64,65], among the different types of urban land use, the UHI is mainly concentrated in the
urban impervious areas, such as industrial areas, urban squares, roads, building roofs, and other gray
infrastructure. The urban cold islands (UCI) are mainly concentrated in urban green space (UGS) and
water areas such as urban forests, parks and water systems. The city is an enlarged version of gardens,
including impervious surface and vegetated surface, as an analogy to some extent. The different
cover types of SGS also reflect the different spatial distribution of the city and the UHI phenomena is
quite similar.

4.2. Influence of Vegetation Structure on Microclimate

Concerning the characteristics of plant communities, this study showed that trees are the key
factors affecting the canopy layer urban heat island effect and comfort. The same results are shown
in previous studies [66–68]. The cooling effect is related to tree shade, building shading, and other
shadows, which reduce radiation and lower temperature [25,57,63,69]. Compared with building
shadows, plants not only provide shade, but also increase humidity [57,70]. Other studies had also
drawn relevant conclusions; in Zhengzhou city (China), large parks have a significant cooling effect,
and the cooling effect is positively related to the vegetation coverage inside of the park [29,71]. In the
urban parks of Taipei, the average PCI during the daytime in summer is only 0.81 °C but no consistent
cooling effect was found in small parks (less than three hectares). The low cooling effect of these green
spaces is probably related to high humidity levels, and consequently, low evapotranspiration [30].
In the study of parks in Lisbon (Portugal), the maximum cooling temperature of the city park reached
6.9 °C, and the cooling temperature was related to the shadow of the building and the surrounding
shape [72]. In an Algerian microclimate study, the vegetation could produce an average cooling effect
of 2°C to 3 °C. The calculation showed that the maximum cooling range at night could reach 10 °C [32].
In Nagoya (Japan), it was found that the temperature difference between the studied green area and
the surrounding was low, but this cooling effect was found to last for hundreds of meters or more [73].
In view of the above results, it is necessary to conduct localization studies for each urban environment
in order to adapt and to maximize the benefits of green spaces based on the characteristics of each city.

In previous studies, the entire plant community was different at different times and in different
seasons, but they all had significant cooling and humidifying effects throughout the year (four
seasons) [73,74]. In the case of human comfort, vegetation has the greatest cooling and humidification
effect in summer. This further supports the conclusion that the higher the temperature, the stronger
the cooling effect of vegetation [75]. In this study, the maximum temperature difference between
multi-layer vegetation communities and the impervious surface ranged from 5.2 °C to 8.9 °C, and the
maximum relative humidity difference ranged from 14.4% to 28.5%.

We found that multi-layer plant communities were most effective in cooling and humidifying
effects, but the plant community was diverse in structure and rich in variety. In addition, the leaf area
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of the multi-layer plant communities was larger than other coverage types. Vegetation communities
(with tree coverage) can reflect more direct solar radiation than other vegetation communities (no-tree
cover) [76,77]. This study also proved that the cooling and humidifying effects of shrubs and grass
plant communities were significantly lower than those of canopy-covered tree communities. This study
identified four factors that affect temperature and relative humidity. The regression results on the
factors that affect the cooling and humidifying effect showed that the four factors of CD, LAI, MLA and
PAR had a significant effect on the cooling and relative humidity increase. CD was the most effective for
cooling and humidification. In addition, under the same type of multi-layer plant community structure,
the angle of the leaves also influences the cooling effect. Specifically, the smaller the angle between
the plant leaf and the horizontal plane, the more evident the effect of cooling and humidification.
These findings can provide a basis and reference for landscape architects. However, other elements
(such as tree shape, evapotranspiration, plant age) need further study to understand the quantitative
relationship of plant communities.

4.3. Implications for Urban Planning and Landscape Design

Under the urban homogenization hypothesis [35–37], urban design is becoming more and more
homogenous. The ecological functions of plant communities are similar. They all have evident cooling
and humidifying effects on the urban microclimate. The microclimate and heat island regulation
function of SGS and their role in urban comfort cannot be ignored. SGSs are more conducive to
renovation and renewal than large green spaces to some extent. The results of this study may help
future urban design and urban renewal. In summary, this study makes the following recommendations:

• It is recommended that urban planners increase the number and proportion of green spaces in the
city and increase the tree canopy coverage in the overall urban planning process.

• In city planning, plant species design should be based on the local climatic conditions, increasing
the multi-layered community structure of the plant, considering the characteristics of the leaf area
index and the blade angle of the plant.

• In a small-scale green space landscape design, conifers should be combined with broad-leaved
trees, and the tree-shrub-grass compound should be designed to maximize the cooling and
humidification effects of the microclimate.

5. Conclusions

The research results in this paper provide a scientific basis for characterizing the microclimate
changes of green space. In this study, the field observation and measurement method was used to
study the relationship between temperature and humidity among types of small green space (SGS).
By selecting four green spaces in the university campus as sample spots, using meteorological data to
analyze spatial and temporal characteristics of the SGSs, we compared the effects of four coverage
types (1—impervious surface; 2—shrub-grass; 3—tree-grass; 4—tree-shrub-grass) on microclimate.
Finally, we analyzed the four impact factors (PAR, CD, MLA, LAI) of the SGSs among all 16 spots.
The research results in this paper provide a scientific basis for characterizing the microclimate of green
space. The conclusions of this article were as follows:

1. There were evident differences in temperature between the four types in SGSs. The largest
difference was concentrated in the noon period when solar radiation was strongest during the
day, but the difference between the types at night was small. Specifically, the difference in
temperature and humidity between the four types during the day was large, and the temperature
was expressed as AT1 > AT2 > AT3 > AT4. At noon, the difference reached the maximum, and the
relative humidity order was the opposite RH4 > RH3 > RH2 > RH1. The four coverage types
showed that the temperature and humidity values were relatively close at night.

2. The four coverage types of four gardens essentially showed the same trend. Type 1 (impervious
surface) had the highest temperature and the lowest relative humidity, while the type 4
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(tree-shrub-grass) multi-layer vegetation structure had the lowest temperature and the highest
humidity. This type had the highest temperature difference as well, that can reach 8.9 °C (Garden
B, B1, and B4, 09/08/2019, 10:45 a.m.). The maximum relative humidity difference was 28.5%
(Garden B, B1 and B4). Those results showed that tree cover types were cooler and more humid
than no tree-cover types, which reveals that tree cover was the core factor affecting the temperature.

3. There was a close correlation between surface coverage types and plant community characteristics.
Canopy density (CD) and leaf area index (LAI) had a positive effect on cooling and relative
humidity, while photosynthetically active radiation (PAR) and mean leaf angle (MLA) had a
negative effect on cooling and relative humidity.

In order to better understand all the factors that explain the impact of green areas in their
surrounding environment, further research is needed to take into account the specific characteristics
of urban green space. The results can provide recommendations for green space management and
future landscape design, which can alleviate urban heat island effects, and enhance and improve the
ecological benefits of urban green spaces.

Author Contributions: Conceptualization, H.L., H.M. and S.J.; methodology, H.L.; investigation, Y.G., R.H.;
software, H.L., R.H.; resources, G.T. and Y.L.; writing—original draft preparation, H.L. and H.M.; writing—review
and editing, H.L. and S.J. visualization, S.J. and A.-a.E. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by “Henan Province Young Talent Support Project (2019HYTP033),
Henan Meteorological Science and Technology Research Project (KM201809, KM201810) and “Henan Overseas
Expertise Introduction Center for Discipline Innovation”.

Acknowledgments: First: we would thank the Stipendium Hungaricum Programme funding for supporting our
research. Second, we would also thank our team colleagues in Henan Agricultural University; and the colleagues in
the Department of Planning and Regional Development in Szent István University as well. In addition, we would
also like to thank the referees and the editors for their valuable comments for improving this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. United Nations. World Population Prospects 2019–Volume II: Demographic Profiles; UN: New York, NY, USA,
2020; ISBN 978-92-1-004643-5.

2. United Nations; Department of Economic and Social Affairs; Population Division. World Urbanization
Prospects: The 2018 Revision; UN: New York, NY, USA, 2019; ISBN 978-92-1-148319-2.

3. Bottema, M. Urban roughness modelling in relation to pollutant dispersion. Atmos. Environ. 1997,
31, 3059–3075. [CrossRef]

4. Rodler, A.; Leduc, T. Local climate zone approach on local and micro scales: Dividing the urban open space.
Urban Clim. 2019, 28, 100457. [CrossRef]

5. Alexander, P.J.; Fealy, R.; Mills, G.M. Simulating the impact of urban development pathways on the local
climate: A scenario-based analysis in the greater Dublin region, Ireland. Landsc. Urban Plan. 2016, 152, 72–89.
[CrossRef]

6. Reichle, D.E. Chapter 11—Anthropogenic alterations to the global carbon cycle and climate change. In The
Global Carbon Cycle and Climate Change; Reichle, D.E., Ed.; Elsevier: Amsterdam, The Netherlands, 2020;
pp. 209–251, ISBN 978-0-12-820244-9.

7. Thani, S.K.S.O.; Mohamad, N.H.N.; Abdullah, S.M.S. The Influence of Urban Landscape Morphology on the
Temperature Distribution of Hot-Humid Urban Centre. Procedia Soc. Behav. Sci. 2013, 85, 356–367. [CrossRef]

8. Ng, E.; Yuan, C.; Chen, L.; Ren, C.; Fung, J.C.H. Improving the wind environment in high-density cities by
understanding urban morphology and surface roughness: A study in Hong Kong. Landsc. Urban Plan. 2011,
101, 59–74. [CrossRef]

9. Howard, L. The Climate of London: Deduced from Meteorological Observations, Made at Different Places in the
Neighbourhood of the Metropolis; Phillips, W., Ed.; George Yard: San Francisco, CA, USA, 1818.

10. Oke, T.R. The energetic basis of the urban heat island. Q. J. R. Meteorol. Soc. 1982, 108, 1–24. [CrossRef]

http://dx.doi.org/10.1016/S1352-2310(97)00117-9
http://dx.doi.org/10.1016/j.uclim.2019.100457
http://dx.doi.org/10.1016/j.landurbplan.2016.02.006
http://dx.doi.org/10.1016/j.sbspro.2013.08.365
http://dx.doi.org/10.1016/j.landurbplan.2011.01.004
http://dx.doi.org/10.1002/qj.49710845502


Atmosphere 2020, 11, 862 16 of 18

11. Jenerette, G.D.; Harlan, S.L.; Brazel, A.; Jones, N.; Larsen, L.; Stefanov, W.L. Regional relationships between
surface temperature, vegetation, and human settlement in a rapidly urbanizing ecosystem. Landsc. Ecol.
2007, 22, 353–365. [CrossRef]

12. Jiang, J.; Tian, G. Analysis of the impact of Land use/Land cover change on Land Surface Temperature with
Remote Sensing. Procedia Environ. Sci. 2010, 2, 571–575. [CrossRef]

13. Jiménez-Muñoz, J.C.; Sobrino, J.A.; Skoković, D.; Mattar, C.; Cristóbal, J. Land Surface Temperature Retrieval
Methods from Landsat-8 Thermal Infrared Sensor Data. IEEE Geosci. Remote Sens. Lett. 2014, 11, 1840–1843.
[CrossRef]

14. Tomlinson, C.J.; Chapman, L.; Thornes, J.E.; Baker, C. Remote sensing land surface temperature for
meteorology and climatology: A review: Remote sensing land surface temperature. Meteorol. Appl. 2011,
18, 296–306. [CrossRef]

15. Bokaie, M.; Zarkesh, M.K.; Arasteh, P.D.; Hosseini, A. Assessment of Urban Heat Island based on the
relationship between land surface temperature and Land Use/Land Cover in Tehran. Sustain. Cities Soc. 2016,
23, 94–104. [CrossRef]

16. Azhdari, A.; Soltani, A.; Alidadi, M. Urban morphology and landscape structure effect on land surface
temperature: Evidence from Shiraz, a semi-arid city. Sustain. Cities Soc. 2018, 41, 853–864. [CrossRef]

17. Antoniadis, D.; Katsoulas, N.; Kittas, C. Simulation of schoolyard’s microclimate and human thermal comfort
under Mediterranean climate conditions: Effects of trees and green structures. Int. J. Biometeorol. 2018,
62, 2025–2036. [CrossRef] [PubMed]

18. Galagoda, R.U.; Jayasinghe, G.Y.; Halwatura, R.U.; Rupasinghe, H.T. The impact of urban green infrastructure
as a sustainable approach towards tropical micro-climatic changes and human thermal comfort. Urban For.
Urban Green. 2018, 34, 1–9. [CrossRef]

19. Mao, J.; Yang, J.H.; Afshari, A.; Norford, L.K. Global sensitivity analysis of an urban microclimate system
under uncertainty: Design and case study. Build. Environ. 2017, 124, 153–170. [CrossRef]

20. Adelia, A.S.; Yuan, C.; Liu, L.; Shan, R.Q. Effects of urban morphology on anthropogenic heat dispersion in
tropical high-density residential areas. Energy Build. 2019, 186, 368–383. [CrossRef]

21. Salvati, A.; Palme, M.; Chiesa, G.; Kolokotroni, M. Built form, urban climate and building energy modelling:
Case-studies in Rome and Antofagasta. J. Build. Perform. Simul. 2020, 13, 209–225. [CrossRef]

22. Lin, W.; Yu, T.; Chang, X.; Wu, W.; Zhang, Y. Calculating cooling extents of green parks using remote sensing:
Method and test. Landsc. Urban Plan. 2015, 134, 66–75. [CrossRef]

23. Zardo, L.; Geneletti, D.; Pérez-Soba, M.; Van Eupen, M. Estimating the cooling capacity of green infrastructures
to support urban planning. Ecosyst. Serv. 2017, 26, 225–235. [CrossRef]

24. Kotthaus, S.; Grimmond, C.S.B. Energy exchange in a dense urban environment—Part I: Temporal variability
of long-term observations in central London. Urban Clim. 2014, 10, 261–280. [CrossRef]

25. Andreou, E. The effect of urban layout, street geometry and orientation on shading conditions in urban
canyons in the Mediterranean. Renew. Energy 2014, 63, 587–596. [CrossRef]

26. Skelhorn, C.; Lindley, S.; Levermore, G. The impact of vegetation types on air and surface temperatures in a
temperate city: A fine scale assessment in Manchester, UK. Landsc. Urban Plan. 2014, 121, 129–140. [CrossRef]

27. Du, H.; Song, X.; Jiang, H.; Kan, Z.; Wang, Z.; Cai, Y. Research on the cooling island effects of water body:
A case study of Shanghai, China. Ecol. Indic. 2016, 67, 31–38. [CrossRef]

28. Hamada, S.; Tanaka, T.; Ohta, T. Impacts of land use and topography on the cooling effect of green areas on
surrounding urban areas. Urban For. Urban Green. 2013, 12, 426–434. [CrossRef]

29. Li, H.; Wang, G.; Tian, G.; Jombach, S. Mapping and Analyzing the Park Cooling Effect on Urban Heat Island
in an Expanding City: A Case Study in Zhengzhou City, China. Land 2020, 9, 57. [CrossRef]

30. Cao, X.; Onishi, A.; Chen, J.; Imura, H. Quantifying the cool island intensity of urban parks using ASTER
and IKONOS data. Landsc. Urban Plan. 2010, 96, 224–231. [CrossRef]

31. Du, H.; Cai, W.; Xu, Y.; Wang, Z.; Wang, Y.; Cai, Y. Quantifying the cool island effects of urban green spaces
using remote sensing Data. Urban For. Urban Green. 2017, 27, 24–31. [CrossRef]

32. Bencheikh, H.; Rchid, A. The Effects of Green Spaces (Palme Trees) on the Microclimate in Arides Zones,
Case Study: Ghardaia, Algeria. Energy Procedia 2012, 18, 10–20. [CrossRef]

33. Wang, Y.; Bakker, F.; de Groot, R.; Wörtche, H. Effects of urban green infrastructure (UGI) on local outdoor
microclimate during the growing season. Environ. Monit. Assess. 2015, 187. [CrossRef]

http://dx.doi.org/10.1007/s10980-006-9032-z
http://dx.doi.org/10.1016/j.proenv.2010.10.062
http://dx.doi.org/10.1109/LGRS.2014.2312032
http://dx.doi.org/10.1002/met.287
http://dx.doi.org/10.1016/j.scs.2016.03.009
http://dx.doi.org/10.1016/j.scs.2018.06.034
http://dx.doi.org/10.1007/s00484-018-1612-5
http://www.ncbi.nlm.nih.gov/pubmed/30225542
http://dx.doi.org/10.1016/j.ufug.2018.05.008
http://dx.doi.org/10.1016/j.buildenv.2017.08.011
http://dx.doi.org/10.1016/j.enbuild.2019.01.026
http://dx.doi.org/10.1080/19401493.2019.1707876
http://dx.doi.org/10.1016/j.landurbplan.2014.10.012
http://dx.doi.org/10.1016/j.ecoser.2017.06.016
http://dx.doi.org/10.1016/j.uclim.2013.10.002
http://dx.doi.org/10.1016/j.renene.2013.09.051
http://dx.doi.org/10.1016/j.landurbplan.2013.09.012
http://dx.doi.org/10.1016/j.ecolind.2016.02.040
http://dx.doi.org/10.1016/j.ufug.2013.06.008
http://dx.doi.org/10.3390/land9020057
http://dx.doi.org/10.1016/j.landurbplan.2010.03.008
http://dx.doi.org/10.1016/j.ufug.2017.06.008
http://dx.doi.org/10.1016/j.egypro.2012.05.013
http://dx.doi.org/10.1007/s10661-015-4943-2


Atmosphere 2020, 11, 862 17 of 18

34. Park, J.; Kim, J.-H.; Lee, D.K.; Park, C.Y.; Jeong, S.G. The influence of small green space type and structure at
the street level on urban heat island mitigation. Urban For. Urban Green. 2017, 21, 203–212. [CrossRef]

35. Lososová, Z.; Chytrý, M.; Tichý, L.; Danihelka, J.; Fajmon, K.; Hájek, O.; Kintrová, K.; Láníková, D.;
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