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Abstract: Though the impact of urban vegetation on air quality and the microclimate has attracted
increasing attention, there have been few studies quantitatively assessing this impact in North
China, where air pollution is severe. In this study, we investigated the impact of urban forests and
urban parks on air quality and the microclimate in Jinan, northern China. Six sites were chosen
to represent urban forest, urban park, and downtown areas, respectively. The results indicate that
urban forest can effectively reduce PM2.5 and ozone (O3) concentrations in the warm season, when
temperatures are higher and plants are lush. The PM2.5 and O3 concentrations in the urban forest
areas were 6.3–6.5 µg m−3 and 21–23 µg m−3 lower than those in downtown areas during the period
of 10:00–15:00. In contrast, urban park areas can reduce PM2.5 concentrations but have little impact on
gaseous pollutants such as nitrogen dioxide and O3. Furthermore, both urban forest and urban park
areas reduced temperatures, by approximately 4.1–6.8 ◦C and 1.36 ◦C, respectively, and increased
relative humidity, by about 13.4–12.9% and 0.9%, promoting a more comfortable thermal environment
for residents. Therefore, this study highlights the crucial role of urban vegetation in improving air
quality and creating a comfortable environment for residents.

Keywords: urban forest; urban park; air quality; microclimate; human comfort index

1. Introduction

To achieve carbon neutrality and improve air quality, the Chinese government has im-
plemented extensive afforestation and greening projects, leading to the expansion of urban
forests and urban parks in recent decades. These green spaces are essential green infras-
tructures in cities, playing critical roles in purifying the air, mitigating urban heat islands
(UHIs), providing spaces for recreational activities, and improving human comfort [1–5].
Now, in order to better assist residents in healthy recreational and fitness activities in these
green spaces, it is necessary to evaluate the impact of urban forests and urban parks on air
quality and the microclimate.

China has faced severe air pollution problems in recent years, with particulate matter
(PM) and ozone (O3) being the primary air pollutants in cities, posing significant threats to
human health and ecosystems [6,7]. PM2.5 and O3 have been found to damage the respi-
ratory and cardiovascular systems, increasing the risk of diseases and mortality [8,9]. In
response to the escalating air pollution problem, the Chinese government issued the Action
Plan on Air Pollution Prevention and Control in 2013, resulting in some improvement in
PM2.5 concentrations. However, the threat to human health still persists, and surface O3
pollution has become a serious issue in Chinese cities [10,11].
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Previous studies have focused on the impact of urban trees on air quality improvement.
Some studies have reported that trees in park or forest areas can remove PM from the
atmosphere through dry deposition and interception by the leaves [12–14]. These particles
are trapped by the plant surface and eventually deposited on the ground through dry and
wet deposition [15,16]. In addition, the concentrations of O3 in urban forest and urban park
areas are influenced by various other factors. On the one hand, urban trees can remove O3
through processes like canopy stomatal uptake and non-stomatal deposition [17–21], and
cooling and humidifying effects can also reduce the photochemical production of O3 [22].
On the other hand, urban trees can emit biogenic volatile organic compounds (BVOCs)
such as isoprene and terpenes, which are important precursors for O3, potentially leading
to the enhancement of O3 levels [23,24]. In addition, as an important precursor of O3,
the distribution of NOx in urban centers is much higher than that in forest areas around
cities, resulting in a shift of the formation regime of O3 from the VOC-limited regime
in urban centers to a transitional regime in urban forest areas [22]. Studies have shown
varying results regarding whether urban vegetation ultimately increases or decreases O3
concentrations [25–29]. Fares et al. [25] estimated a total annual removal of 8.4 and 8 kg
per hectare for PM10 in two urban parks in Rome and Turin, Italy, and the trees in the
two urban parks were found to remove 8.1 and 1.42 kg O3 per hectare. Sicard et al. [26],
meanwhile, found that urban trees reduced the O3 in 2010 by 5.4 g m−2 yr−1 in 55 US
cities and 3.7 g m−2 yr−1 in 86 Canadian cities. In contrast, Duan et al. [27] found that O3
concentrations in urban forest areas were higher than those in the urban center, which is
in agreement with the findings of Yli-Pelkonen et al. [28] and Grundstrom and Pleijel [29].
Thus, more research is needed to understand whether urban vegetation ultimately increases
or decreases O3 concentrations.

Previous studies on the impact of urban vegetation on PM2.5 and O3 have mainly
focused on the removal capacity of vegetation, with few studies investigating the concen-
tration differences inside and outside of urban forests or parks, which is not conducive to
guiding residents to carry out leisure activities [22,27]. In addition, most studies in China
have focused on megacities such as Beijing, Shanghai, and Shenzhen [27,30,31], while cities
in the heavily polluted North China Plain region have not received sufficient attention. As
such, we cannot yet quantify the impact of trees in urban forest and urban park areas on air
quality and the microclimate for these cities. Jinan is a large city in North China and its
vegetation type and forest distribution are representative of the vegetation characteristics
of most cities in the central North China Plain. Accordingly, research on Jinan can provide
theoretical support for the air pollution control of heavily polluted cities in the center of
the North China Plain. Therefore, an accurate assessment of the impact of urban forests
and urban parks on PM2.5 and O3 in Jinan is indeed crucial. This will not only improve
awareness about the role of urban green spaces in improving air quality but also help
mitigate the risks posed by air pollutants to the health of residents.

Furthermore, urban forests and parks have a cooling effect, which helps alleviate the
UHI effect and provides residents with comfortable recreational spaces [32–34]. The cooling
effect of urban trees is primarily due to evapotranspiration and shading [35]. Through
transpiration, urban vegetation evaporates water while consuming solar energy, resulting
in temperature reduction and increased relative humidity (RH) [36–38]. Trees also intercept
solar radiation and provide shade through their leaves and branches, thereby cooling the air
beneath them. Extensive research has been conducted on mitigating the UHI effect through
the cooling effects of urban parks and forests [39,40]. Schwaab et al. [38] used satellite land
surface temperature (LST) and land cover data from 293 European cities to evaluate the
capacities of urban trees to reduce LST. The results showed that urban trees in Southern
European and Central European regions can reduce LST by 0–4 K and 8–12 K compared to
continuous urban areas. In addition, Zhou et al. [41] selected 276 cities in China with which
to evaluate the cooling effects of urban parks, and they found that the park landscape
played a dominant role in the cooling effects of parks, with its input greater than those
of the surrounding conditions of parks and the local climate. Several studies have also
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evaluated the cooling and humidifying effects of urban forests and urban parks using direct
observational data. Previous studies have shown that clusters of trees can reduced summer
temperature by 0.2–3 ◦C, and they increased RH by 0.2–8% in Beijing [42,43]. However, we
found no study using continuously observed surface meteorological parameters to evaluate
the cooling and humidifying effects of urban forests and parks in Jinan, nor their influence
on human comfort. This has severely hindered the understanding of urban green spaces
to date.

Therefore, it is critical to enhance the understanding of the influence of urban forests
and urban parks on urban air quality and the microclimate, as well as to help residents
engage in more healthful and comfortable recreational activities. In this study, we con-
ducted an analysis using continuous measurement data on air quality and the microclimate
in urban, urban forest, and urban park areas in Jinan during May to October 2023. The
objective of this study was to investigate the impact of urban forest and urban park areas on
PM2.5 and O3 levels, as well as to explore the factors contributing to the dynamic changes
in air pollutants. Additionally, we aimed to examine the variations in the microclimate and
comfort in urban forests and parks and provide scientific guidance on the leisure activities
of residents.

2. Materials and Methods
2.1. Study Area

The study area is located in Jinan, a large city in northern China. Jinan has a substantial
population, of over 8.0 million as of 2022, and encompasses an area of 10,244 km2. The area
of forest land accounts for 23.6% of the total area, i.e., 242,315 ha. Furthermore, the coverage
of green spaces in the built-up area has reached 41.9% [44]. As Jinan is in a semi-humid
continental monsoon climate zone, its average annual temperature is 13.5–15.5 ◦C, and the
average annual precipitation is 600–900 mm.

The urban forest study area is in the southern mountainous area in Jinan, encompass-
ing a total area of 571.39 km2 [44]. The southern mountainous area is a nature reserve of
urban forests, characterized by extensive natural woodland and sparse woodland. The
southern mountain area holds great importance as a recreational destination for residents
of Jinan and the surrounding cities. It is worth noting that, apart from minimal tourism
and residential activities, there are no significant sources of pollution emissions within
this region. This characteristic makes it an ideal location in which to assess the impact of
urban forests on air quality and the microclimate, as it allows for the isolation of natural
influences on these factors without significant confounding inputs from anthropogenic
pollution sources.

The urban park study area is focused on Jinan Forest Park, situated in Huaiyin district.
The park spans a total area of 69.5 ha, with approximately 60.1 ha dedicated to green
spaces (https://english.jinan.gov.cn/, accessed on 31 January 2024). Jinan Forest Park is
characterized by its abundance of wetlands and trees, which serve as vital contributors
to improving air quality, conserving water, and providing a habitat for various forms of
biodiversity. It also serves as a recreational spot for the residents of Jinan, offering a serene
and picturesque environment for relaxation and leisure activities.

2.2. Observation Sites

The locations of observation sites are depicted in Figure 1. Three air quality monitoring
stations were chosen to represent urban forest sites at different altitudes in the southern
mountainous area in Jinan. The Paomaling station (PML: 117.22◦ E, 36.43◦ N, 768 m a.s.l.)
is located in the Paomaling scenic area, approximately 27 km away from the city center. It
serves as a background site in Jinan region. The Xiying station (XY: 117.23◦ E, 36.51◦ N,
318 m a.s.l.) is located at the Xiying sub-district office, 25 km away from the city center.
Similarly, the Liubu station (LB: 117.12◦ E, 36.45◦ N, 196 m a.s.l.) is located at the Liubu
sub-district office, 26 km away from the city center. Both the XY and LB sites are situated
in a mountain valley, where the air quality is predominantly influenced by mountain
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and valley breezes. These three stations, PML, XY, and LB, provide air quality data
representing different altitudes within the urban forest area. As for the urban site, the
Jinan Environmental Monitoring Center station (JN: 117.15◦ E, 36.66◦ N, 35 m a.s.l.) was
selected. It is located in the bustling downtown area of Jinan, with nearby commercial
areas, residential areas, and arterial area roads.
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Figure 1. Map of China and Shandong Province (pink area), with yellow area representing the city of
Jinan (a). Distributions of six observation sites within Jinan (b). Map of Jinan Forest Park and South
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Duandian station; XY: Xiying station; LB: Liubu Station; PML: Paomaling Station. The position and
topography of observation sites (c).

To investigate the impact of urban parks on air quality and the microclimate, two air
quality monitoring stations were chosen to represent the urban park sites. The Nongkesuo
(NK) station is situated within the Jinan Forest Park, while the Duandian (DD) station is
situated approximately 1 km south of the park, proving a comparison point just outside the
park boundaries. By choosing these two stations in close proximity to the park, the study
aimed to assess the impact of the park vegetation on air quality and the microclimate.

2.3. Observation Data

Hourly average concentrations of O3, NO2, PM2.5, and micrometeorological param-
eters (temperature, relative humidity (RH), wind speed) were obtained from the Jinan
Ecological and Environmental Bureau (http://jnepb.jinan.gov.cn/; accessed on 20 Novem-
ber 2023). Considering that deciduous broad-leaved trees are the main tree species in the
urban forests and parks of Jinan, a time period in the warm season with relatively more
leaves was selected for this study. However, there is relatively more precipitation in the
warm season. Therefore, to scientifically assess the impact of urban trees on air quality,
the data during rainfall were excluded from this study. As a result, all data were collected
from 24 May 2023 to 10 October 2023. The monthly mean values of air pollutants and
micrometeorological parameters were averaged each month. The values for May and
October were only collected for late May (24–31 May) and early October (1–10 October). For
O3, the maximum daily 8 h average ozone (MDA8 O3) was used to analyze the O3 levels.
The diurnal variations were averaged from hourly data over the time period analyzed. The
data used in this study are real-time monitoring data and have not been verified by the
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Jinan Ecological and Environment Bureau. To ensure data quality, data quality control was
applied to remove unreliable outliers, following the approach taken in previous studies,
using the z-score method. This method allows for the identification and removal of data
points that deviate significantly from the average, helping to ensure the accuracy and
reliability of the dataset used for further analysis [45]. This method has been extensively
applied to the data quality control of air quality monitoring stations in China [46,47].

2.4. Human Comfort Index

Urban vegetated spaces have been found to enhance thermal comfort by reducing air
temperature and increasing humidity during the summer season [48]. Thus, we analyzed
the thermal comfort of each observation site in urban forest and park areas based on the
human comfort index (CI) recommended by the Beijing Meteorological Bureau [42,49]. As
shown in Equation (1), a CI between 50 and 55 is the most comfortable, with larger or
smaller values being more uncomfortable. When the CI value falls between 55 and 70, it
is considered within the comfortable range. In this range, the human body is expected to
feel comfortable in the given conditions. Meanwhile, if the CI value increases to 70–80, it
indicates that the human body will start feeling heat. If the CI value increases to larger than
85, the human body will feel unbearable heat and extremely uncomfortable. This range
suggests that the environment has become excessively hot for comfort. This empirical
model for thermal comfort prediction has been established since 1997, with air temperature,
relative humidity, and wind speed as the input variables. Thus, the difference in CI between
urban park or urban forest sites and urban sites represent the improved thermal comfort
through vegetation cooling and humidifying effects.

CIi = 1.8 × Ti + 0.0055 × (100 − RHi)− 3.2 ×
√

Wi + 32 (1)

where i is the ith observation site, and Ti, RHi, Wi, and CIi are the air temperature (◦C),
relative humidity (%), wind speed (m/s), and human comfort index of the observation site,
respectively.

3. Results and Discussion
3.1. Effects of Urban Forest on Air Quality
3.1.1. Monthly Variations

To examine the effects of urban forests on air quality in Jinan, we compared the
concentrations of air pollutants between the urban center and urban forest sites. Table 1
and Figure 2 display the observed concentrations of PM2.5, O3, and NO2 at urban, valley,
and ridge sites. At the urban site, the average concentration of PM2.5 was 21.4 ± 7.6 µg m−3

(mean ± standard deviation), which was higher than those at valley sites (20.7 ± 6.8 µg m−3

at XY; 16.6 ± 6.5 µg m−3 at LB) and the ridge site (14.5 ± 7.3 µg m−3 at PML). The PM2.5
values for the four sites did not exceed the national ambient air quality standard (NAAQS)
Grade II (GB3095-2012) threshold of 35 µg m−3 for PM2.5. The higher PM2.5 concentration
at the XY site indicates that it is more influenced by human activities compared to the LB
site, but it is still lower than the PM2.5 concentration at the urban site. In addition, the
mean PM2.5 value at PML was 6.9 µg m−3 lower than that at the urban site. Therefore, it
seems that urban forests can effectively reduce the concentration of PM2.5 in Jinan, which
is consistent with the results of previous studies [12,50,51]. The average RH value at the
three urban forest sites was 65.3 ± 12.3%, which was higher than that of the urban site
(50.0 ± 10.5%). In contrast, the average temperature at the three urban forest sites was
23.2 ± 4.1 ◦C, which was lower than that of the urban site (28.6 ± 4.4 ◦C). The cooling
and humidifying effects of forest trees contribute to the enhanced removal ability of PM2.5.
The average wind speed at the PML site was 2.78 ± 1.07 m s−1, which was much higher
than at the valley sites (0.93 ± 0.13 m s−1 for XY site and 1.58 ± 0.47 m s−1 for LB site)
and urban site (1.06 ± 0.33). The lower PM2.5 level in the forest area was mainly due to
lower precursor emissions and the higher removal of PM2.5 by vegetation. However, the
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PM2.5 values in the urban forest area were significantly greater than the PM2.5 standard
(10 µg m−3) recommended by the World Health Organization (WHO), indicating further
efforts are needed to reduce PM2.5 levels in the Jinan forest to improve human health.

Table 1. The average concentrations (mean ± standard deviation; unit: µg m−3) of PM2.5, MDA8 O3,
NO2, and the micrometeorological parameters (temperature (T): ◦C; relative humidity (RH): %; wind
speed (WS): m s−1).

Site Type PM2.5 MDA8 O3 NO2 T RH WS

JN Urban 21.4 ± 7.6 179 ± 40 29.5 ± 13.4 28.6 ± 4.4 50.0 ± 10.5 1.06 ± 0.33
XY Valley forest 20.7 ± 6.8 157 ± 33 10 ± 2.9 23.6 ± 4.2 66.2 ± 10.8 0.93 ± 0.13
LB Valley forest 16.6 ± 6.5 160 ± 34 9.3 ± 3.3 24.1 ± 4.2 64.8 ± 11.4 1.58 ± 0.47

PML Ridge forest 14.5 ± 7.3 174 ± 31 7.2 ± 2.9 21.8 ± 4.0 65.0 ± 14.5 2.78 ± 1.07
NK Inside park 18.3 ± 7.3 166 ± 41 27.1 ± 9.9 26.4 ± 4.4 55.1 ± 10.1 0.54 ± 0.20
DD Outside park 27.6 ± 6.6 166 ± 40 27.7 ± 10.7 27.9 ± 4.6 54.2 ± 10.2 0.81 ± 0.25

Figure 2. Monthly (a–c) and diurnal (d–f) variations in PM2.5, O3, and NO2 (µg m−3) concentrations
at three urban forest sites and one urban site. The monthly mean values for May and October were
only collected for late May (24–31 May) and early October (1–10 October). The three urban forest
sites are Paomaling (PML), Libu (LB), and Xiying (XY), and the urban site is the Jinan Environment
Monitoring site (JN).

Different from the distributions of PM2.5, the O3 concentration at the ridge site
was significantly higher than that in the valleys. The mean values of MDA8 O3 were
174 ± 31 µg m−3 at the PML site, 157 ± 33 µg m−3 at the XY site, and 160 ± 34 µg m−3 at
the LB site. Previous studies have also reported higher O3 levels at ridge sites [52], and the
O3 concentrations increased with altitude from the valley bottom to the summit [53,54].
This can be attributed to the transport of highly concentrated O3 air masses and their pre-
cursors from an urban area to the ridge. In addition, the BVOCs and O3 from the valleys are
transported to the ridge with valley wind during the daytime, resulting in the accumulation
of O3 [55]. Furthermore, the forest canopy cover area was much lower than that in the
valley forests, allowing more solar radiation to enter and enhancing the photochemical
production rate of O3. However, despite these factors, the O3 concentration at PML site was
still lower than that at the urban site, especially in July, when the photochemical reaction
is strong. During this period, the concentrations of MDA8 O3 at the JN site and PML site
reached approximately 200 µg m−3 and 181 µg m−3, respectively. The results of this study
are inconsistent with those of Duan et al. [27], who found that the summer MDA8 O3
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concentration at a ridge site in Shenzhen was 86 µg m−3, significantly higher than that in
the urban park (51 µg m−3). The discrepancy can be attributed to the large anthropogenic
VOCs emissions in the North China Plain, where Jinan is located, while BVOC emissions
are relatively small compared to Shenzhen [56,57]. On the one hand, previous studies
have proved that Jinan’s urban areas emit a large amount of anthropogenic VOCs. In
contrast, there are almost no large anthropogenic VOC emission sources in its urban forest
areas. In recent years, the large amount of anthropogenic VOC emissions in the North
China Plain have led to serious O3 pollution. VOC emissions from anthropogenic sources
in the North China Plain are much higher than those in Shenzhen. On the other hand,
forest resources are more abundant in Shenzhen than in Jinan, and its BVOC emissions are
higher. Therefore, the O3 concentration in the urban area of Jinan is higher than that in the
urban forest area outside. In Shenzhen, due to the high emissions of BVOCs from urban
forests, the O3 concentration of urban forests is higher than that of the urban center [56,57].
Therefore, the increase in O3 concentration caused by BVOC emissions in the Jinan urban
forest area was not sufficient to exceed the O3 level observed in the urban area.

The concentration of MDA8 O3 at the urban site was consistently higher than those
at the valley sites, with an average difference of 34 µg m−3 and 31 µg m−3 higher than
the XY and LB sites, respectively, in July. Furthermore, the temperature in the valleys was
significantly lower than that in the urban area, while the RH was higher in the valleys
compared to the urban area. The cooling and humidifying effects of the forest not only
weakened the photochemical reaction but also enhanced the removal capacity of O3. Fur-
thermore, the average NO2 concentrations were 29.5 ± 13.4 µg m−3, 10 ± 2.9 µg m−3,
9.3 ± 3.3 µg m−3, and 7.2 ± 2.9 µg m−3 at the JN, XY, LB, and PML sites. The decrease
in NO2 concentration from the urban center to the forest parks led to a shift in the O3
formation mechanism from being VOC-limited to a transitional regime. The significant
reduction in NO2 levels also inhibited the photochemical production of O3 [58]. Therefore,
the combination of reduced precursor emissions and a stronger O3 removal capacity led to
significantly lower O3 concentrations in urban forest valleys compared to urban centers.
We further evaluated the correlations between micrometeorological parameters and air
pollutants through Pearson’s correlation analysis. The O3 concentration had a significant
positive correlation with the temperature at urban and valley sites. The Pearson correlation
coefficients (r) between temperature and O3 were 0.76, 0.78, and 0.79 at the JN, XY, and LB
sites, but the r value was only 0.47 at the PML site. In addition, the RH had a significant
negative correlation with O3, with r values of −0.61, −0.76, and 0.77 at the JN, XY, and
LB sites, but the r decreased to 0.20 at the PML site. This indicates O3 at PML was not
dominated by photochemical reactions.

In summary, O3 pollution in Jinan was severe, especially in summer, with the monthly
average MDA8 O3 concentration exceeding the NAAQS Grade II limit (160 µg m−3) in both
the urban center and urban forest areas. However, the urban forests can effectively reduce
regional O3 concentrations in summer, when the temperature is higher and vegetation is
relatively lush. The cooling and humidifying effects of the forest, along with the reduction
in precursor emissions and enhanced O3 removal capacity, contribute to the mitigation
of O3 pollution in urban forest areas. In terms of spatial distributions, the PM2.5 levels at
the ridge site were lower than those in the valley areas, and both were lower than those
in urban area. In contrast, the concentrations of MDA8 O3 at the ridge site were generally
higher than those at the valley sites but lower than those in the urban area in Jinan.

3.1.2. Diurnal Variation

To further evaluate the impact of urban forests on PM2.5 and O3, we analyzed the
diurnal variation in pollutants during the observation period. As shown in Figure 2, the
diurnal variations in PM2.5 exhibited distinct patterns among the four sites. At the XY
and LB sites, two daily peaks of PM2.5 were observed in the morning (5:00–7:00) and
evening (20:00). Due to the low boundary layer at night and the unique topography of
the valleys, the diffusion of PM2.5 is hindered at these sites. As a major pollutant emitted
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by motor vehicles, the concentration of NO2 peaked gently at the XY and LB sites during
the morning (6:00–7:00) and evening (18:00–19:00). The concentrations of the two peaks
were much lower than those observed in the urban area, suggesting that motor vehicle
exhaust emissions in the valleys have a minimal contribution to NO2 levels. Thus, the rapid
increase in nighttime PM2.5 concentration should be attributed to the combined effects of
motor vehicles, human activities, and temperature inversion. Furthermore, the average
concentrations of PM2.5 between 10:00 and 15:00 were 13.8 ± 0.9 µg m−3 for the XY site,
12.8 ± 0.5 µg m−3 for the LB site, and 13.5 ± 0.8 µg m−3 for the PML site, all of which
were lower than that observed at the JN site (19.8 ± 0.6 µg m−3). This indicates that urban
forests can effectively reduce PM2.5 concentrations when the light is intense, and the air
conversion is obvious during daytime. The reductions in PM2.5 concentrations amounted
to approximately 6.5 µg m−3 and 6.3 µg m−3 for the valley and ridge sites, respectively.
Therefore, visiting urban forests for tourism activities during this period can provide a
favorable environment with lower PM2.5 levels.

In contrast to the diurnal variation in PM2.5, the levels of O3 started to increase after
4:00, with a concentration of 76 µg m−3, and reached their maximum (188 µg m−3) in
the afternoon (13:00–14:00) at the urban site. The diurnal variations in O3 concentrations
at the valley sites exhibited a typical shape similar to that observed at the urban sites
in Jinan. The O3 concentration began to rise from 5:00, reached its peak between 14:00
and 15:00, and gradually decreased until the early morning of the next day. The diurnal
variations are generally due to precursor emissions and microclimate parameters, i.e.,
temperature and RH. Higher temperatures, more intense sunlight, and lower RH promote
the photochemical production of O3. Therefore, the O3 concentrations increased with the
enhancement of temperature and sunlight. Although the amplitude of O3 concentration
increase in the valleys was similar to that observed in the urban area, the underlying
reasons were quite different. In the urban area, with high nitrogen oxide (NOx) emissions,
the O3 formation regime tends to be controlled by VOCs. However, in urban forests, the
lower concentration of NOx and the higher emissions of BVOCs lead to the O3 formation
regime being controlled by NOx. Therefore, even a small decrease in NO2 concentration
during the daytime in the valleys can result in a sharp increase in O3 concentration [22].

The O3 levels between 0:00 and 5:00 (135–142 µg m−3) at the PML site were clearly
higher compared to those in the urban and valley sites, and the peak O3 concentration
occurred at 16:00, which was 2–3 h later than the peak at the urban center. These findings
are similar to the observations at other mountain sites in the North China Plain [52]. Due
to the drop of the boundary layer at night, nitrogen oxide (NO) in the valleys cannot be
transported to the mountain ridge. Therefore, during the nighttime, when photochemical
production of O3 does not occur, the O3 can be directly removed by a NO titration reaction.
However, compared to the urban areas, the lower concentrations of NO at PML are not
sufficient to react with the high concentrations of O3, which could restrict the reduction
of O3 during the nighttime. In addition, dry deposition and stomatal absorption by trees
can also lead to the loss of O3. However, the role of these pathways is limited according
to previous studies [59,60]. Thus, these pathways did not lead to significant reductions in
O3 concentrations. The PML site exhibited the lowest amplitude of diurnal variation in
O3 concentration (44.6 µg m−3), which was much lower than that observed at the urban
(111.6 µg m−3) and valley sites (106.4 µg m−3 for LB; 110.1 µg m−3 for XY). In addition,
the temperature at PML was lower than those at the urban and valley sites, but the RH
and wind speed were much higher than at those sites. Therefore, the low diurnal variation
suggests that O3 at the PML site is more susceptible to transport by air masses containing O3
and its precursors from urban and valley areas, rather than being predominantly influenced
by local photochemical processes. In addition, during the period of 10:00-15:00, the O3
concentrations at the valley (155 ± 9.6 µg m−3) and ridge sites (158 ± 11.9 µg m−3) were
lower than that at the urban site (179 ± 10.2 µg m−3).

Therefore, although O3 pollution was relatively severe in the urban center and urban
forest areas, the urban forests effectively reduced the O3 concentrations by about 23 µg m−3
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and 21 µg m−3 in the valley and ridge areas, respectively, during the period when a large
number of tourists travelled to the southern mountainous area.

3.2. Effects of Urban Parks on Air Quality

The impact of urban parks on air quality was investigated by monitoring air pollutants
and micrometeorological parameters inside and outside of Jinan Forest Park. The NK
site, located inside the park, and the DD site, located outside the park, were selected for
comparison. As shown in Table 1 and Figure 3, the average concentrations of PM2.5 at the
NK site (inside) and the DD site (outside) were 18.3 ± 7.3 µg m−3 and 27.6 ± 6.6 µg m−3,
respectively, indicating that the urban park effectively reduced PM2.5 concentrations. This
result is consistent with previous research in many cities [25,61,62]. Since the monitoring site
was not obstructed by the tree canopy, there were no significant difference in temperature
or relative humidity observed between the inside and outside of the park. However, deep
in the park, the transpiration and respiration of trees, as well as the canopy shielding effect
of the tree canopy, enhanced the cooling and humidifying abilities, which can effectively
reduce PM2.5 levels. In addition, the wind speed inside the park was lower than that
outside the park, indicating that the trees acted as a barrier, preventing the entry of external
particulates. The lower wind speed also facilitated the dry deposition of particulates. In
contrast, the effect of the urban park on the concentrations of gaseous pollutants was weak,
and there was little difference in NO2 and O3 levels between the inside and outside of
the park, which is in agreement with previous studies [63]. Compared to the results of
the urban forest impact found before, the differences in PM2.5 inside and outside of urban
parks revealed a smaller improvement. Therefore, the improvement in urban air quality in
urban parks was mainly reflected in the reduction in particulate matter concentration, and
there was little impact on gaseous pollutants such as O3.
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The diurnal variations in air pollutant concentrations inside and outside of urban park
are shown in Figure 3. Two peaks of NO2 were observed at the DD site, occurring around
5:00 and 21:00–22:00, with concentrations of approximately 34.2 µg m−3 and 42.7 µg m−3,
respectively. The significant increase in NO2 levels in the morning was primarily attributed
to the conversion of NO to NO2 during the morning rush hour, as well as the accumulation
of NO2 resulting from weak photochemical reactions. Following sunrise, the concentration
of NO2 decreased rapidly, and the O3 levels started to rise. The strong traffic flow and
human activities during morning rush hour contributed to an increase in PM2.5 concen-
tration from 5:00 until the first peak at 8:00, reaching 29.0 µg m−3. The NO2 concentration
reached its lowest level at noon, when solar radiation is strongest. After that, the lowest
concentrations of PM2.5 were observed at 13:00 (22.3 µg m−3), and the maximum levels
of O3 appeared at 14:00 (177 µg m−3). Subsequently, with the decrease in solar radiation
and temperature and the increase in RH, the concentrations of NO2 and PM2.5 began to
increase, while the O3 concentration started to decline. The evening rush hour in downtown
Jinan typically occurred between 17:00 and 20:00, emitting a significant amount of NO.
Consequently, the concentrations of PM2.5 and NO2 increased during this period, reaching
their maximum at 20:00 (31.6 µg m−3) and 22:00 (42.8 µg m−3), respectively. The titration
reactions of NO with O3 resulted in reduced O3 levels and increased NO2 levels. Then,
there was a gradual decrease in NO2, PM2.5, and O3 concentrations during the night, mainly
due to the absence of photochemical processes and low convection under the nighttime
inversion layer.

The PM2.5 concentrations inside the park were relatively lower compared to those
outside the park, with two peaks of the differences observed at 9:00 and 17:00, showing
differences of 10.8 µg m−3 and 10.5 µg m−3, respectively. Previous studies have indicated
that the green spaces in urban parks can effectively remove PM2.5, and arbors and shrubs
are the best vegetation species [12,64,65]. The trees in the urban park in Jinan are dominated
by arbors, so it has a strong removal efficiency. In contrast, the O3 concentrations inside
the park were only around 4–5 µg m−3 lower than those at the outside sites during the
morning and evening rush hours. In addition, the O3 concentration inside park was even
higher than those at the outside site during 8:00–14:00. This can be attributed to the lower
wind speed inside the park, which results in weaker diffusion of gaseous pollutants. As a
result, the NO titration reaction inside the park is less susceptible to the interference from
the gases outside the park [22].

3.3. Effects of Urban Trees on the Microclimate and Human Comfort Index
3.3.1. Effects of Urban Forest

Urban trees cannot only improve air quality but also reduce the temperature and
increase the humidity through cooling and humidifying effects. As shown in Figure 4, the
average temperatures at the valley and ridge sites within the urban forests were 4.1 ± 1.6 ◦C
and 6.8 ± 4.5 ◦C lower, respectively, than that at urban site. In contrast, the average RH
values at the valley and ridge sites were 13.4 ± 6.6% and 12.9 ± 10.1% higher, respectively,
than that at urban site. This indicates that the high density of forest canopy in the valley
contributes to a more significant humidifying effect compared to at the ridge site. However,
it is important to note that the lower temperature at the PML site is primarily due to its
higher elevation. In terms of diurnal variations, all four sites showed a similar pattern.
However, the temperature at the valley sites was 3.4 ± 0.1 ◦C lower than that at urban site
during 10:00–15:00. In contrast, the difference was 7.1 ± 0.5 ◦C for the ridge site and urban
site. As a ridge site, PML showed a small amplitude of diurnal variations in temperature
and RH, and it maintained a lower temperature and higher RH and WS during the daytime.
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Furthermore, we compared the differences in human comfort index between the urban
site and the urban forest sites. A CI value greater than 70 indicates discomfort due to
excessive heat, and a larger CI value corresponds to a more uncomfortable feeling for the
human body. As shown in Figure 5, the average values of CI at the JN site exceeded 80
from late May to September, except in early October. During the hours of 10:00–15:00, the
CI values even exceeded 87, indicating the highest level of discomfort in downtown Jinan
throughout the observation period. As such a time, the human body might feel unbearable
heat and extremely uncomfortable. In contrast, the average CI value at the PML site was
69 ± 7.7, much lower than those at the urban and valley sites. This suggests that PML was
the most comfortable locations for human beings during the observed period compared
with urban and valley sites. As shown in Figure 5d, the PML site reduced the human
CI by 6.1–12.8 during the hours of 10:00–15:00, resulting in a more comfortable thermal
environment. Similarly, the XY and LB sites also improved human comfort by reducing
the CI by 5.9–8.8 and 4.8–7.6, respectively. Therefore, we suggest that people in downtown
Jinan can experience a more comfortable feeling by visiting the urban forests in the southern
mountainous area. The urban forests provide relief from the discomfort caused by high CI
values in the urban areas, offering a more pleasant and comfortable thermal environment.
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3.3.2. Effects of Urban Parks

We further investigated the cooling effect of urban parks and the thermal comfort
inside and outside parks. The results revealed that the temperature inside the studied
urban park was 1.36 ◦C lower compared to outside the park (Figure 6). This finding is
similar to the results observed by Amani-Beni et al. in the Beijing Olympic Park, where the
temperature inside the park was found to be 1.12 ◦C lower than that of the bare area [42].
In addition, the urban park was found to increase air humidity by 1.04% and decrease wind
speed by 0.39 m s−1 during the hours of 10:00–15:00. As a result, the urban park contributed
to a decrease in the CI by approximately 2.35–4.25, providing a more comfortable thermal
environment throughout the observation period. This result aligns with the findings
observation in the Beijing Olympic Park, where the CI was reduced by 2.43 [42].
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The diurnal variation analysis showed that starting from 4:00, the temperature and
wind speed increased while humidity decreased. Therefore, the CI value reached its
maximum at 12:00 and then began to decline. As a result, the ∆CI values showed that the
first peak occurred at 7:00, which is in the morning rush hour, and the second weak peak
occurred at 17:00 during the evening rush hour. As shown in Figure 6b, in the morning rush
hour, the temperature inside the park was 2.85 ◦C lower than that of the outside site, the RH
was 4.07% higher, and the wind speed was 0.25 m s−1 lower than at the outside site. Thus,
the ∆CI values reached the first peak at 7:00. In the evening rush hour, the temperature, RH,
and wind speed inside the park showed −1.66 ◦C, +2.04%, and −0.35 m s−1 differences
compared to the outside site. Therefore, in the morning and evening rush hour, people feel
the greatest difference in comfort in the park and outside the park, which suggests that if
outdoor activities are needed in the morning and evening, they should be located away
from the downtown area, choosing a more comfortable environment (such as in the park)
for outdoor activities. The ∆CI ranged from 3.8 to 5.5 during 10:00–15:00. Consequently, the
urban park effectively reduced the CI during the daytime, promoting a more comfortable
thermal environment for human beings. These findings highlight the positive impact of
urban parks in mitigating heat and improving thermal comfort, contributing to a more
pleasant and comfortable outdoor environment.
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4. Conclusions

To explore the impacts of urban trees on air quality and the microclimate, continuous
measurement data were obtained from urban, urban forest, and urban park areas in Jinan,
eastern China, in May–October 2023. The major findings are summarized as follows.

Three urban forest sites and one urban downtown site were analyzed for their impacts
on air quality. Both the valley sites and the ridge site showed lower concentrations of
PM2.5 and O3 compared to the urban site. This reduction was primarily attributed to the
combination of fewer precursor emissions and the stronger removal capacity resulting
from the cooling and humidifying effects of forest trees. Although the BVOCs emitted
by forests are important precursors of O3 and SOA, their emissions are much lower than
those of anthropogenic VOCs in urban areas. Consequently, the concentrations of PM2.5
and O3 are lower in urban forest areas. Urban forests effectively reduce regional PM2.5
and O3 concentrations in the summer when temperatures are higher and vegetation is
more abundant. However, the O3 pollution in Jinan remains severe, especially from June
to August, when the monthly average MDA8 O3 concentrations in both the urban center
and urban forest areas exceeded 160 µg m−3. Therefore, to effectively control regional O3
pollution, we recommend promoting the planting of low-BVOC-emission tree species and
rationally planning the urban forest layout. In terms of diurnal variations, we focused on
analyzing the O3 and PM2.5 concentrations during the 10:00–15:00 period, which is the
peak time for tourist activities. During this period, the PM2.5 and O3 concentrations in the
urban forest areas were 6.3–6.5 µg m−3 and 21–23 µg m−3 lower than those in urban areas.

To explore the impact of urban parks on air quality, we selected the NK and DD sites as
locations inside and outside the Jinan Forest Park, respectively. The results showed that the
urban park effectively reduced the average PM2.5 concentrations by about 9.3 µg m−3 dur-
ing the May–October period. However, urban park trees had little impact on gaseous pollu-
tants such as NO2 and O3. The PM2.5 concentrations inside the park were 10.5–10.8 µg m−3

during the morning and evening rush hours, but the O3 concentrations inside the park were
only 4–5 µg m−3 lower than those at the site outside. In addition, the O3 concentrations
inside the park were even higher than those at the site outside during 8:00–14:00.

Urban trees not only improve air quality but also reduce temperatures and increase hu-
midity through cooling and humidifying effects. The urban forest reduced the temperature
by about 4.1 ◦C and 6.8 ◦C and increased the RH by about 13.4% and 12.9% in the valley
and ridge areas, respectively. Similarly, the urban park reduced the temperature by about
1.36 ◦C and increased the RH by about 0.9%. As such, we found that both urban forests
and urban parks promote a more comfortable thermal environmental for human beings,
reducing the CI by 4.8–7.8 and 6.1–12.8 at the valley and ridge sites in the forest areas
and 3.8–5.5 in the urban park areas. In sum, this study has evaluated the impact of urban
forests and parks on air quality and human comfort in Jinan based on direct observational
data, contributing to the scientific understanding of the critical role of urban vegetation in
improving air quality and enhancing human comfort.
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