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Abstract: The cooling and humidifying effects of urban parks are an essential component of city ecosystems in terms of regulating mi-
croclimates or mitigating urban heat islands (UHIs). Air temperature and relative humidity are two main factors of thermal environ-
mental comfort and have a critical impact on the urban environmental quality of human settlements. We measured the 2-m height air
temperature and relative humidity at the Beijing Olympic Park and a nearby building roof for more than 1 year to elucidate seasonal
variations in air temperature and relative humidity, as well as to investigate the outdoor thermal comfort. The results showed that the
lawn of the park could, on average, reduce the air temperature by (0.80+0.19)°C, and increase the relative humidity by (5.24+2.91)%
relative to the values measured at the building roof during daytime. During the nighttime, the lawn of the park reduced the air tempera-
ture by (2.64+0.64)°C and increased the relative humidity by (10.77+5.20)%. The park was cooler and more humid than surrounding
building area, especially in night period (more pronounced cooling with 1.84 ‘C). Additionally, the lawn of the park could improve out-
door thermal comfort through its cooling and humidifying effects. The level of thermal comfort in the park was higher than that around
the building roof for a total of 11 days annually in which it was above one or more thermal comfort levels (average reduced human
comfort index of 0.92) except during the winter.
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1 Introduction

Climate change and urbanization are global phenomena
in the 21st century (Kalnay and Cai, 2003). More than
half of the world’s population lives in urban areas now,
and this value will increase to nearly 70% by 2050
(United Nations, 2014). A large amount of the popula-
tion is migrating to settle down in cities, and this prac-
tice results in changing natural land surfaces into imper-
vious surfaces and reducing the amount of urban green
space (Oke, 1982; Kuang et al., 2015, 2016, 2017,
2019b; Dong et al., 2017). Meanwhile, global climate
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change has manifested itself in the rise of near-surface
temperatures over the past several decades, and this
trend is expected to continue (IPCC, 2015). Higher ur-
ban temperatures may affect the inhabitability of cities,
worsen air pollution, increase the risk of heat-related
mortality and increase the amount of energy consump-
tion used for cooling (Oke, 1982; Voogt and Oke, 2003;
Kolokotroni et al., 2006; Sarrat et al., 2006; Me-
dina-Ramoén and Schwartz, 2007; Tan et al., 2010; Ole-
son et al., 2015; Chen et al., 2016). In addition, the im-
pervious surfaces absorb higher solar energy than does
the natural vegetation surface, causing changes in the
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relative humidity, affecting the air temperature and re-
ducing human comfort (Solecki et al., 2005; Tan et al.,
2015; Kong et al., 2016).

As an important part of urban planning, urban parks
have a cooling effect and provide various ecosystem
services and benefits (Oke, 1989; Niemela et al., 2010).
On the one hand, urban parks cool the ambient envi-
ronment by evapotranspiration (ET) processes, which
consume solar energy through transpiration in vegeta-
tion and water evaporation (Hathway and Sharples,
2012). The cooling effect in urban park areas makes an
important contribution to saving energy and reducing
emissions, and the trees provide shade areas by inter-
cepting solar radiation with leaves and branches (Zhang
et al., 2014; Kong et al., 2016). Peng et al. (2014) con-
firmed that afforestation cools the local land surface
temperature in China (Peng et al., 2014). In urban areas,
a common adaptation measure to improve thermal
comfort is to produce an increase of what is called ‘blue
and green infrastructure’, which can reduce air tem-
perature and increase humidity (Gill et al., 2007; Allen
III, 2012). On the other hand, the vegetation can further
decrease turbulent and convective heat transport, thus
reducing thermal discomfort (Spronken-Smith and Oke,
1999; Shashua-Bar et al., 2011). In addition, the cooling
effect of vegetation varies in different seasons due to
changes in the vegetation coverage rate. Sugawara et al.
(2016) and Doick et al. (2014) found that urban parks
usually cool by 0.5°C—4°C in summer, which was de-
termined based on extensive field measurements (Doick
et al., 2014; Sugawara et al., 2016). Therefore, there is a
pressing need for urban researchers to further mitigate
temperature increases in urban areas.

Outdoor human comfort is influenced by multifaceted
factors, which depend on air temperature, wind speed,
relative humidity and solar radiation (de Freitas and
Grigorieva, 2015). It was found that humans feel com-
fortable within the temperature range of 21°C-27.5°C;
additionally, humans felt comfortable within a relative
humidity range of 30%—65% and when wind speed val-
ues were greater than 5 m/s during the experiments (de
Freitas and Grigorieva, 2015), but comfort ranges are
expected to vary according to local climate features be-
cause of the human adaptation to local climate or
long-term acclimatization. De Freitas and Grigorieva
(2015) classified human thermal indices by computa-
tional models, including the proxy thermal stress index,

energy balance stress index, and proxy energy balance
strain index (De Freitas and Grigorieva, 2015). Outdoor
human comfort depends on the energy balance and hu-
man senses between the humans and their surroundings,
which is an important factor in the evaluation of the
livability of a city (Coccolo et al., 2016; 2018). Several
models have also quantified outdoor human comfort
using the physiological equivalent temperature (PET),
the standard effective temperature and the index of
thermal stress, others are some models in mechanism
including predicted mean vote (PMV) and standard ef-
fective temperature (SET) (Hoppe, 1999; Spagnolo and
de Dear, 2003; Pearlmutter et al., 2006).

Near-surface air temperature and relative humidity
are the two main factors in the thermal environment,
which is defined as the observation value of 2.0 m
above the ground and is monitored by static meteoro-
logical instruments; the thermal environment is signifi-
cantly affected by microclimate, air quality, anthropo-
genic heat sources and human thermal comfort (Fang et
al., 1998; Harvell et al., 2002; Koken et al., 2003;
Willett et al., 2007; Grimm et al., 2008; Sherwood et al.,
2010; Frankel et al., 2012; Zhao et al., 2014; Li and Zha,
2018). Because it is difficult to apply the same data and
standards to urban regions around the world, it is easier
to obtain observational data (Lazzarini et al., 2013; Yan
et al.,, 2018). Meanwhile, the retrieval of quantitative
and spatially explicit remotely sensed data remains a
challenge (Kuang et al., 2019). Thus, the existing re-
search on macroscopic urban climate change mostly
focuses on cities and regions in different national and
regional areas using field observations (Hamada and
Ohta, 2010; Lazzarini et al., 2013; Chapman et al.,
2017; Yan et al., 2018). Compared to the land surface
temperature (LST), the air temperature is closely related
to human health and human comfort, and carrying out
observations can compensate for the shortcomings in-
volved in retrieving LST from remote sensing (Zaksek
and Ostir, 2012; Zhou et al., 2013). Previous studies
have focused on the LST differences inside a city and
compared the values to those of rural areas or park
cooling effects of thermal environments in different
seasons (Zhou et al., 2013; Kikon et al., 2016; Sugawara
et al., 2016; Chapman et al., 2017; Coccolo et al., 2018;
Li and Zha, 2018). However, few studies have concen-
trated on the seasonal variance in air temperature and
humidity, as well as human thermal comfort. Therefore,
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the results of this study significantly help city managers
and planners improve the microclimate behavior of cit-
ies.

This study analyzed field measurements performed
atop a dense building and in a large green park in Bei-
jing, with the main purpose of investigating the seasonal
variation in air temperature, humidity and thermal com-
fort. First, we present data to illustrate the near-surface
air temperature differences between the urban park and
building area as well as variations within the respective
Then, we attempt to compare the
near-surface relative humidity in both the building area

environments.

and the park. Finally, we analyze the thermal comfort in
the outdoor environment under two conditions.

2 Materials and Methods

2.1 Observation experiment

The land use cover in Metropolitan Beijing is changing
dramatically with rapid urbanization. The built-up area
was 1268 km® in 2015, with 72.6% impervious surface,
24.0% green space and 3.4% other land cover types
(e.g., water body, bare soil) (Fig. 1). The building areas
account for 43.1% of the impervious surface areas, and
other areas are covered by roads and parking lots.

Our observation experiments were carried out in two
sites. One was in the Olympic Forest Park, Chaoyang
District (116°24'E, 40°01'N); this site was used to rep-
resent parks and had a total area of 6.80 km® and a
greening ratio of 95.6% (Fig. 1, al). The park was
composed of lawn with densely planted grass inter-
spersed with trees approximately 5 m tall, and the ob-
servational instrument was placed in the park lawn plot.
Another site that was used to represent building surfaces
was selected in the residential area of Southern Kexue
Yard (116°22'E, 39°59'N), and it was located a straight
distance of 4.1 km from the Olympic Forest Park site
(Fig. 1, a2). The selected building roof was composed of
cement concrete with a gray color and was 18 m from
the ground surface, with a total area of 321.3 m’. The
observation instruments were placed approximately 5.3
m from the northern edge and 5.2 m from the southern
edge of the building.

Both sites were equipped with an EC150 CO,/H,0O
analyzer and an HMP155 air temperature and humidity
sensor at a height of 2.0 m. The relative humidity and air
temperature (T,) were observed. The collected data were

Fig. 1 Observation sites (al: Olympic Forest Park; a2: Southern
Kexue Yard)

stored in a CR3000 data logger (Campbell Scientific
Inc., USA) at a sampling frequency of 10 Hz.

2.2 Methods

The period analyzed was from December 1, 2011 to
November 30, 2012. We selected 321 days and calcu-
lated the mean diurnal cycles of 30-min near-surface air
temperature and relative humidity (measured at 2.0 m
above the surface) in winter (averaged in December
2011 and January and February 2012), spring (averaged
in March, April, and May 2012), summer (averaged in
June 2012, July and August 2012), and autumn (aver-
aged in September, October, and November 2012). The
selected valid days were 75, 85, 85 and 80 days, respec-
tively. We excluded rainy days and incomplete meas-
urements data. The monthly and seasonal differences in
the near-surface air temperature and relative humidity
during the daytime and nighttime were analyzed be-
tween the building and the park in Beijing. Daytime and
nighttime were defined by sunrise (6:00 in summer and
spring, 7:30 in autumn and winter) and sunset (18:30 in
summer and spring, 17:00 in autumn and winter).

We selected the comfort index (CI) to represent the
comfort of human body in atmospheric environment,
which suggests that people adjust physiology status,
adapt to the environment and guard against sudden
changes of cold and heat according to meteorological
factor (including air temperature, relatively humidity,
and wind speed) (Xu et al., 2013). CI was calculated as
has been recommended by the Beijing Meteorological
Bureau. The CI empirical model predicts the thermal
comfort degree mainly through air temperature, relative
humidity and wind speed. As the CI increases, the ther-
mal comfortable level decreases (Xu et al.,, 2013;
Amani-Beni et al., 2018 ). The formula is as follows:
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CI=18xT+0.55x(1-RH)-3.2xV"" +32
=1.8xT +0.55x RH —3.2x V"> +32.55

)

where CI represents the thermal comfort degree, and T
represents the near-surface air temperature ('C). RH
represents the relative humidity (%). V' represents the
wind speed (m/s). The classification of CI as an indicator
of the thermal non-moderate index was in accordance
with the uniform standards set by the China Meteoro-
logical Administration, and it was divided into nine com-
fort levels as followed (Table 1) (Terjung, 1966; Wu,
2003). We divided them into three parts, thermal envi-
ronment, moderate environment and cold environment.

3 Results and Analysis

3.1 Comparison of air temperature on building
and park area
The air temperature of the lawn in Olympic Park was,
on average, 0.61°C to 1.06°C cooler than that of the
building in one year (Table 2). The differences in air
temperature between the building and the park in the
four seasons were all larger during nighttime than dur-
ing daytime by an average of 1.84°C (Table 2). Mean-
while, the statistical results also showed that the differ-
ence was the largest during the nighttime in autumn,
which was as high as 1.06°C in daytime and 3.59°C at
nighttime. In contrast, the minimum difference in air
temperature between buildings and parks was found
during the daytime in spring, at 0.61°C (Table 2).

The results also showed that the most obvious differ-
ence in air temperature between buildings and parks

Table 1 Levels of comfort degrees

occurred in October (Fig. 2), with a gap of 4.07 C dur-
ing the nighttime and 1.24°C during the daytime. In
winter, the air temperature difference was approximately
0.75°C during the daytime and 2.45°C during the night-
time (Table 2). With seasonal warming, the gap between
the two increases. The temperature gap values were
0.46°C (in March), 0.51°C (in April), and 0.65°C (in
May), mainly due to the beginning of vegetation growth,
which led the evaporation of trees and meadows in the
park to begin to increase; this increase led to the rapid
cooling of the surface, resulting in an increased tem-
perature gap between parks and buildings. The average
temperature difference was 0.8°C during the daytime in
summer. However, during the nighttime, the difference
continued to increase until it peaked in October (au-
tumn).

The air temperature difference of the building be-
tween daytime and nighttime was lower than that of the
park (Fig. 3). The diurnal temperature variation in the
building area was greatest in summer, while the park
diurnal temperature difference was largest in autumn.
Additionally, the building had the largest diurnal tem-
perature difference of 1.92°C in May (spring). The
temperature difference between daytime and nighttime
was minimal in February (winter), and the temperature
decreased by only 0.34 °C in the evening (Fig. 2).

3.2 Comparison of relative humidity of building
area and green space

There were obvious differences in the relative humidity
between the park and building roof during nighttime and
daytime, and the difference was largest in autumn

CI Level Feeling Comfortable degree
> 85 Heat, thermal regulation dysfunction, body feeling is not adapted Great discomfort
81-85 Hot, uncomfortable and prone to excessive sweating Discomfort
Thermal
76-80 HIII Warm, uncomfortable and prone to sweating Mild discomfort
71-75 HIV Warm, comfortable and slightly sweaty Mild comfort
56-70 A% Comfortable Comfort Moderate
51-55 CIvV Cool, the human body feels more comfortable Mild comfort
41-50 CIIa Cold, the human body feels uncomfortable Mild discomfort
20-40 cl Very cold, the human body feels very uncomfortable, the temperature has Discomfort Cold

dropped

Extreme cold, the human body feel very uncomfortable, cold shiver

Great discomfort

Notes: H represents heat; C represents cold
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Table 2 Air temperature differences between the building and
park

Air temperature ('C)

Areas
Winter Spring Summer Autumn
Building (day) -0.74 17.03 27.38 15.95
Building (night) -1.2 15.63 25.71 14.43
Park (day) -1.51 16.42 26.61 14.89
Park (night) -3.64 13.37 23.44 10.84
Difference (day) 0.77 0.61 0.77 1.06
Difference (night) 2.44 2.26 2.27 3.59

407 wBuilding(daytime) = Park(daytime)
®Building(nighttime)= Park(nighttime)

Air temperature (°C)
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Winter Spring Summer Autumn

Fig. 2 Monthly air temperature of green space and dense build-
ing during daytime and nighttime
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Fig. 3 Seasonal air temperature of green space and building
during daytime and nighttime

(Fig. 4). Compared with the relative humidity between
the building area and the lawn of the park, the seasonal
difference during nighttime was higher than that during
daytime. Meanwhile, the seasonal difference in relative
humidity in the park was higher than that in the building
area. The difference was the largest in autumn, with a
difference of 8.55% during the day and 18.08% at night.
In summer, it was 6.42% in the daytime and 10.48% at
night. In spring, it was 4.24% in the daytime and 8.49%
at night. In winter, the difference was the smallest, at
only 1.76% in the daytime and 6.04% at night.

The relative humidity of parks and buildings during

the daytime and nighttime are presented in Fig. 5. In
October (autumn), the difference was the largest for the
year, with a gap of 10.36% in daytime. In January (win-
ter), the difference was 1.13% during the day and 4.52%
at night. The gap became smaller after winter until it
reached its lowest, and then it reached its peak in au-
tumn. The greatest gap of day and night, which was
7.43%, occurred in summer on the building. The green
park area was greatest in autumn, at 15.48%.

3.3 Wind speed on building area and Olympic
park

When the local air temperature was affected by horizontal
advection, the cooling effect of the park is not obvious,
because the wind speed is opposed to aerodynamic im-
pedance. It was also found the higher the wind speed, the
smaller the temperature difference between the park and
the building (Fig. 6). The difference in wind speed be-
tween the two observation points was mainly distributed
in spring and summer and autumn. There was little dif-
ference between the two in winter. During the year, the
roof of the building had 54 days of wind speeds smaller
than the roof, including 25 days in winter, 23 days in
spring, 2 days in summer and 4 days in autumn.
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Fig. 4 Seasonal relative humidity of green space and dense
building during daytime and nighttime
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A Wind speed is wind speed difference of the two sites)

3.4 Comfort degree on building area and Olympic
park
According to the comfort index distribution calculated
by Equation (9) (Fig. 7), the daily comfort index fluctu-
ated up and down with changes in air temperature, rela-
tive humidity and wind speed. According to the classi-
fication criteria (empirical value) of the China Meteoro-
logical Administration (Table 2), CI index was divided
into thermal environment (CI = 70) and cold environ-
ment (55 < CI < 70) and the highest comfort level as
moderate (CI < 55) (Fig. 7). In a cold environment, the
comfort level lowered as temperature lowered, humidity
increased, and wind speed increased. In contrast, in a
thermal environment, the comfort level (Table 1) low-
ered as the temperature increased, the humidity de-
clined, and the wind speed declined (according to the
Equation 9).

According to the CI classification criteria (Table 1),
we divided the values into three parts (Fig. 7). One was

Park (daytime) - Park (nighttime)

Building (daytime) — Building (nighttime)
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301

10

Winter Spring Summer Autumn
Fig. 7 The thermal comfort index in the four seasons

the thermal environment, including HIII mild discom-
fort, HII discomfort, and HI great comfort. The second
was the moderate environment, including HIV mild
comfort, V comfort, and CIV mild comfort. The third
was the cold environment, including CIII mild discom-
fort, CII discomfort, and CI great comfort. According to
the calendar of comfort level, the results indicated that
the comfort levels of the park and building in spring and
autumn were both higher than those in summer and
winter (Fig. 8). The level of comfort in the park was, on
average, higher than that of the building, except during
the winter, when the number of days above one or more
comfort days was 11 (Table 3). However, the negative
effects sometimes occurred in the cold environment.
The park reduced the human comfort index by an aver-
age of 0.92 during the year. The effect of the park com-
fort optimization was most obvious and was mainly af-
fected by the wind speed and humidity under low tem-
perature conditions.

More precisely, both the park and the building had a
discomfort level (CII) with low air temperature for a
long time in winter (Fig. 8 and Table 3). Spring was
mostly classified by comfort (V) and mild comfort (HIV,
CIV) degrees. The difference in the comfort levels be-
tween parks and dense buildings was most pronounced
in summer. The number of days (7 days) categorized by
a degree of very uncomfortable (HI) was caused by ex-
treme heat on buildings and was higher than the number
of days in the park (4 days). Meanwhile, a total of 22
comfortable days (including V and HIV) occurred in the
park, while only 19 days occurred on the building. In
autumn, there was no significant difference between the
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Fig. 8 The comfort level distributions in Beijing (a: comfort level in the park; b: comfort level on the building)

park and building regarding mild discomfort (CIII) and
discomfort (CII), but there were two days that the
building was more comfortable (V) than the park. By
comparing the CI values of the two, we found that the
relative humidity of the park increased significantly, and
there were excessive relative humidity differences.
Daily variations in the park and building in each
season presented obvious differences (Table 3). In
winter, the park and building had days that were un-
comfortable and accounted for 93% of all days (70
days). In spring, both the park and the building were
comfortable, with 33 and 34 days, respectively, as well
as having 22 and 20 days of mild comfort, respectively.
In summer, the difference in comfort level between the
park and building was most obvious. In the park, 6% (5
days) of the days were classified as comfort, 21% (17
days) were classified as mild comfort, 42% (34 days)
were classified as mild discomfort, 26% (21 days) were

classified as discomfort, and 5% (4 days) were classi-
fied as highly discomfort. On the building roof, 5% (3
days) of the days were classified as comfort, 20% (16
days) were classified as mild comfort, 42% (34 days)
were classified as mild discomfort, 26% (21 days) were
classified as discomfort, and 7% (7 days) were classi-
fied as highly discomfort. The gap between the two
was reflected in the number of highly uncomfortable
daytimes, with more days observed on the building
than in the park. It is worth noting that there were four
days when the building was more comfortable than the
park in autumn. By observing the weather conditions
on the days (Table 4), we found that this phenomenon
was caused by the larger relative humidity difference
between the two in a cold environment. When the rela-
tive humidity was higher, the evaporation of water va-
por would remove the heat and cause a cold sensation
to the human body.
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Table 3 Number of days with each comfort degree level

Winter Spring Summer Autumn

Park Building Park Building Park Building Park Building

HII - - - - 21 21 - -
HIl - - 7 9 34 34 - -
HIV - - 15 13 17 16 8 10
A% - - 33 34 5 3 39 41
Clv - - 7 7 - - 10 6

cm - 1 1 11 - - 9 9
ciul 70 70 12 11 - - 14 14
cr| s 4 - - - - - -

Table 4 The climate parameters of special levels of comfort
difference days

Park Building

Ta RH  Wind speed Ta RH  Wind speed
() (m/s) (C) (%) (m/s)

Date

2012-10-14  12.83  34.49 0.41 1459 19.29 0.83
2012-10-18  12.83  48.15 0.48 14.84 31.13 0.93
2012-10-19 1231  61.53 0.30 14.11  46.13 0.67
2012-10-23  13.12  57.04 0.26 1498 41.85 0.44

4 Discussion

4.1 More pronounced cooling effect of Olympic
Park in summer and nighttime

Urban parks have a significant cooling effect, which has
been widely studied and verified in different regions and
cities (Spronken-Smith and Oke, 1999; Chang et al.,
2007; Chow et al., 2011; Chen et al.,, 2012, 2016;
Amani-Beni et al., 2018). We compared the seasonal
variation in air temperature and relative humidity in the
Olympic Park and a building area. Overall, the analyti-
cal results indicated that the cooling and humidification
effect of the park was more obvious in summer and au-
tumn than that of the building, followed by spring and
winter. The Olympic Park reduced the air temperature
from 0.61°C to 1.06C during the daytime and from
2.26°C to 3.59 C during the nighttime. Thus, we found
that the cooling effect at night was more obvious with
1.65°C—2.53°C according our observation data. Previous
studies have focused on the discussion of the cooling
effect of daytime parks, ignoring the contrast within a
day and night (Sun et al., 2017; Amani-Beni et al., 2018;
Dai et al., 2018). Our results are consistent with a pre-
vious study showing that urban green spaces reduced the

temperature by a mean of 2°C in Beijing (Sun et al.,
2017). The variance of air temperature between parks
and buildings is directly related to the structure, prop-
erty difference and human activity of the underlying
surface (Shahmohamadi et al., 2011). The heat reduction
performance of a green space also depends on the vege-
tation coverage of the surroundings, vegetation type,
and sky view factor (SVF) (Fahmy et al., 2010; Xi et al.,
2012; Middel et al., 2014; Song and Wang, 2015).

The observed temperature variation law and differ-
ence was because the park, as a natural space, had less
influence on human activities all year round, and the
change in temperature and relative humidity were
mainly determined by the park’s own characteristics.
Various factors mainly affect the absorption of solar
radiation through the coverage of vegetation and the
albedo of coverage types. When the vegetation cover-
age was high in summer, the area of shade increased,
and the cooling effect was significant. This finding has
also been supported by related studies; for instance,
Potchter et al. (2006) found that an urban park with
more trees was cooler than a park with fewer trees
during the day (Potchter et al., 2006). Tan et al. (2015)
noted that shade was the main factor providing the
cooling effect of trees (Tan et al., 2015). Wu and Chen
(2017) certified that trees had effects on the intercep-
tion of shortwave radiation and reasonable heat abate-
ment (Wu and Chen, 2017). Furthermore, the cooling
effect of the park might be due to evapotranspiration
and the higher albedo of green vegetation, which re-
tains less solar heat and lower ambient temperatures
than do impervious surfaces (Shahmohamadi et al.,
2011). Vegetation coverage affects calorie consumption
through transpiration. As the vegetation coverage in-
creases, the transpiration consumes more energy,
causing the redistribution of surface energy, and the
Bowen ratio is continuously reduced to reduce the sur-
face temperature, after the snow melted, the ratio of
daytime latent heat flux decreased because vegetation
was not yet active during the snow-free periods and the
Bowen ratio increased (Shui et al., 2019). The results
confirmed the park’s potential contribution to the urban
microclimate and mitigation of the heat island effect.
Conclusively, these differences we discussed mainly
depend on the land cover of the observed site sur-
rounding the environment. However, it was not limited
to the land use cover due to the three main causes of
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temperature change, including solar radiation, atmos-
pheric circulation and underlying surface. A lack of
space forbids further discussion at this point.

Meanwhile, we found that Beijing Olympic Park
could increase its relative humidity by 1.76%-8.55%
during the daytime and 7.23%—-15.48% during the night-
time. Potchter et al. (2006) also found that urban parks
could increase the relative humidity values and that an
urban park covered with grass could be more humid
than the built-up area during the day (Potchter et al.,
2006). Amani-Beni et al. (2018) observed different types
of vegetation in Olympic park and found that the air
humidity of grass increased by 2.44, the relative humid-
ity of irrigated grass increased by 3.37%-5.16%, the dry
grasses increased by only 0.23%-0.56%, and the trees
increased by 2.39 (Amani-Beni et al., 2018). The lower
relative humidity of the building was due to the internal
characteristics of the building area, i.e., concrete build-
ing, pavement and skyscraper. The area is usually poor
in temperature and humidity conditions, and it is a hot
and dry gathering area in the city. In spring, summer and
autumn, the humidification effect of the park was
strong. The humidification effect began to decline,
which was related to the yellowing and shedding of
leaves in late autumn and the weakening of transpira-
tion.

4.2 Difference in comfort degree on building area
and in Olympic Park

Human thermal comfort mainly depends on air tem-
perature, wind speed, solar radiation, humidity, and hu-
man activity (Givoni, 1991). The arrangement of land
use also substantially affects outdoor human comfort
(Chen et al., 2016). In this study, appropriate tempera-
ture, humidity and wind speed improve the degree of
comfort in the park. Based on the daily average tem-
perature, humidity and wind speed values, the specific
statistics of the two sites showed that the difference be-
tween the park and the building roof was even more
disparate during the day, specifically by comparing the
daily average temperature, the park (amount of 321 days
of statistical results) had 320 days the average daily
temperature was greater than the roof of the building.
And the temperature of the park was lower than the roof
of the building during all nights of monitoring at night.
Observations of relative humidity showed that the roof
of the building was larger than the park during the day,

with 21 days in a year, 19 days in the winter and 2 day
in the spring. The nighttime relative humidity building
roof was higher than the park for 11 days, both were in
winter. From the perspective of energy distribution, the
higher the temperature, the more energy the water
molecules get, and it is easy to leave the water and
evaporate into the air. However, in the winter, the air
temperature in the park is lowered, the vapor phase
pressure tends to be stable, and the roof of the building
is affected by human heat (the winter heating is dis-
charged upwards), and the evaporation of water vapor is
more obvious than that of the park ( Wouters et al.,
2015; Shui et al., 2019).

We found that high discomfort often occurred in
winter and summer. The feeling of the surrounding en-
vironment was mainly extremely cold with high wind
speeds and extreme heat with high humidity. In the
thermal environment, the discomfort was reflected by
the comprehensive influence of the external temperature
and humidity. People directly feel heat and tend to
sweat. In summer, discomfort mainly occurs on extreme
heat days, and the duration is not long, i.e., approxi-
mately 2—4 days. This type of event is considered a
heatwave, which can be thought of as an extreme
weather phenomenon and is actually a rare random
event. Extreme heat waves occur mainly in summer in
urban areas (Fig. 8). Some factors that affect the urban
microclimate include anthropogenic heat production
(such as artificial lighting, quantity of cooking heat, and
traffic load energy), the building height, the high resi-
dential density and the wind speed reduction that results
in slower heat dissipation (Giannopoulou et al., 2014;
Vellei et al., 2017).

It is worth noting that there were more mild discom-
fort and less comfort days in the park than on the build-
ing in autumn, which was mainly due to the increase in
the relative humidity difference in October (Fig. 5),
which caused cooling. According to Equation (9), the
change in the CI index was determined by 1.8 7, 0.55
RH, and 3.2V*°, which were critical values (Table 5). In
the cold environment, when the temperature difference
between the park and the building exceeded 5.56°C,
when the difference in relative humidity exceeded
18.18%, or when the wind speed exceeded 9.77 m/s, the
comfort levels differed. In the thermal environment,
when the difference in air temperature was greater than
2.78°C, the difference in relative humidity was greater
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Table 5 Critical value of changing comfort degree

Cold environment

Thermal environment

Determinative term

Critical value

Determinative term Critical value

Air temperature ('C) 1.8 7=10
Relative humidity (%) 0.55 RH=10
Wind speed (m/s) 3.2 ¥*=10

18.18

1.8 T=5 2.78
0.55 RH=5 9.09
3.2 ¥*5=5 244

than 9.09%, or the difference in wind speed was 2.44
m/s, the comfort levels differed. This result also means
that the CI index is lower when the park humidity is
higher than the building on some days.

4.3 The implication of green space and building
planning in a megacity

Urban parks have a high potential for climate regulation,
and they can relieve heat stress and optimize human
comfort by cooling the air temperature (Takacs et al.,
2016). The cooling effect that occurs in park areas is
known as the park cool island (PCI), with affecting fac-
tors including the green area ratio, park shape index, and
park elevation, among others (Oliveira et al., 2011). Our
findings were consistent with previous results. In addi-
tion, we suggest that the park’s shape, composition and
type should be taken into account to make full use of the
park and its cooling function. Previous research has in-
dicated that there are also differences in the effect of tree
species on cooling effects (Liu et al., 2008; Xu et al.,
2017; Dai et al., 2018). For example, trees usually serve
as the backbone of park trees, and their transpiration
helps cool the surrounding environment, while their
dense leaves can absorb solar radiation to provide shade
and open space (Liu et al., 2008). The shrubs do not
have trunks, so they can not provide the same cooling
shade area as trees; however, they have strong resistance
and wide adaptability characteristics. Meanwhile, Liu et
al. (2008) found that the temperature of green space de-
creased with increasing coverage, and when the cover-
age reached or was above 60%, the green space had ob-
vious cooling and humidification effects (Liu et al.,
2008). Therefore, we encourage more mixed plantings
to increase the richness of the urban park.

The type of park should be considered as one of the
primary considerations. Numerous studies have proven
that the cooling effects of different landscape patterns
on the park are different (Yang et al., 2017). The cooling
effects of various park types are different, such as
community parks in general urban areas, neighborhood

parks in central urban areas, and district gardens in ur-
ban core areas (Fahmy et al., 2010). The building land-
scape patterns and vegetation (as forest, grassland, and
cultivated land) classes have a significant influence on
the surface urban heat island (Yang et al., 2017). Xu et
al (2017) carried out field measurements, and the results
indicated that the shading device and trees showed the
best effects among all the selected devices (Xu et al.,
2017). These results provided policymakers and land-
scape architects with practical information about the
benefits of urban green space. Urban green space has
been proven to bring environmental benefits from the
unique effects of various landscapes.

Urban parks can also be appropriately increased to
increase their cooling effect. Bowler et al. (2010) found
that a park cooled by an average temperature of 0.94°C
and claimed that, through comparison, a larger park with
more trees could be cooler by comparing 16 study areas
ranging from 0.1 ha to 120 ha (Bowler et al., 2010). The
average cooling effect is 1.5°C—3.0°C. For a mid-sized
urban park (0.5 x 10° mz) and a larger urban green space
(more than or equal to 1.5 x 10° m?), the PCI intensity is
even higher (Oke, 1989; Bowler et al., 2010). Moreover,
Spronken-Smith (1999) found that the PCI was in-
versely correlated with wind speed. Li and Zha (2018)
found that the temperature around different types of
parks in a certain range showed different trends with
increasing distance from the park, which was similar to
three polynomial functions (Li and Zha, 2018). When
the park area was between 50.56-52.69 km’, the cooling
effect of a community park was obvious; when the area
was between 124.23-126.92 km®, the cooling effect of
an ecological park was the most significant (Li and Zha,
2018). Overall, the cooling effect of different types of
parks varies with different area ranges, and it increases
with the increase of the area within a certain range.

The planning of Beijing’s green space system indi-
cates that urban planning should construct an ecological
green space system according to the standard of an
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‘ecological garden city’. The system will be perfected
by realizing a reasonable layout that meets the require-
ments of an ‘ecological garden city’ and achieves a
given green space index. Therefore, urban park planning
is guided by policies and regulations, such as the ‘Clas-
sification Standard of Urban Green Space (CJJ/T8S5-
2002)’, which proposed that park green space should
possess multifunctional attributes, such as economic
function, ecological function and social function. The
‘Park Design Code (GB51192-2016)’ clearly states that
park green space with recreation functions should be
open to the public, especially when there are better fa-
cilities, in terms of both ecology and beautification.
Currently, the green space system is gradually changing
from ecological function to ecological and recreational
functions and will enter a new stage of being upgraded
to meet the needs of diversification in the future in Bei-
jing. However, there are some problems during the con-
struction stage: the total amount of green space in the
park is still insufficient; the ecological spatial pattern is
not perfect, the urban development and construction
crowds out the green construction land, and there is a
lack of function of the park’s green features.

An urban park is a ‘cooling system’ composed of dif-
ferent types, shapes and areas, which can reduce the
overall temperature level of the megacity and improve
the ecologically livable environment. And our observa-
tion experiment also confirmed this point, the park’s
cooling and humidifying effect will bring people a more
comfortable environment, especially at night. Therefore,
we recommend and encourage urban park designers and
managers to pay attention to park area and shape, land-
scape patterns, vegetation form and layout design. In
particular, the planning of large parks plays an important
role in urban microclimate regulation. The concrete ap-
proach can improve the green quantity of green space
and improve the greening ecological benefits under the
conditions of urban land use tension. According to the
principle of ecology, the complex communities of trees,
shrubs and lawn are constructed as the greenbelt struc-
ture unit. We can take measures of rational allocation by
taking plant species, quantity, and plant community
level into consideration to increase the humidity, regu-
late the climate, and alleviate the city’s thermal envi-
ronment. In addition, vegetation coverage should be
taken into account by making full use of the local natu-
ral environmental conditions to take advantage of the

cooling effects of parks (Amani-Beni et al., 2018).
5 Conclusions

The study investigated the seasonally different effects of
near-surface air temperature, relative humidity and
thermal comfort between a park and a building area. Our
results indicated that the Olympic park site could reduce
the air temperature by (0.80+£0.19)°C with a range of
0.61°C-1.06°C and increase the relative humidity by
(5.24£2.91) %, with a range of 1.76%—8.55%, relative
to the building roof site during the daytime for one year.
During the nighttime, the Olympic park site reduced the
air temperature by an average of (2.64+0.64)C with a
range of (2.26-3.59)C and increased the relative hu-
midity by an average of (10.77+5.20) %, with a range of
7.23%—15.48%. Our observational results indicated that
the significantly cooling and humidification effects oc-
curred in park, which in the four seasons of the year,
summer is the most obvious, and throughout the day,
night period is especially (1.67°C cooler in winter,
1.65°C cooler in spring, 1.5°C cooler in summer and
2.53°C cooler in autumn). Thus, the more pronounced
cooling and humidifying effects in the thermal environ-
ment optimized thermally comfortable and attractive
human settlement. The park improved the comfort index
by an average of 0.93. Our results clearly indicated that
the spatial arrangements of green spaces must be con-
sidered in cities. In general, Beijing Olympic park plays
an effective role in cooling and humidifying, and this
effect was more pronounced in summer and during the
nighttime. Therefore, quantifying the cooling effect of
parks in a megacity would benefit making preferable
greening infrastructure that is related to helping urban
planning decisions.

Further empirical studies are needed in which all the
different factors that explain the influence of the park
green areas around the surrounding environment are
considered. This information would help planners pro-
vide the feedback necessary to improve the characteris-
tics and spatial settlement of urban parks, according to
the specific features of each city. We encourage urban
planning to reasonably and appropriately improve vege-
tation coverage. An appropriate amount of green space
is conducive to adjusting the urban microclimate and
improving the comfort degree level of human settle-
ments.
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