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Abstract

:

The development of new urban areas in Beijing has alleviated overcrowding in old urban centers and has ample public spaces for recreational activities. However, these public spaces are not ideally designed and have not been as successful as expected. Few studies have investigated the ineffective use of these public spaces in terms of microclimatic and thermal comfort factors. Our study investigated microclimatic factors, the subjective assessment of thermal comfort, the intensity of human activities, and the spatial features of public spaces in conjunction with surrounding buildings in a mixed commercial and residential complex in the Fangshan District, Beijing. We used a mixed-methods approach comprising microclimate measurements, questionnaires (n = 150), spatiotemporal behavior mapping, and field measurements. Our results showed that the human perception of the microclimate is related to the exposure duration and other microclimatic factors. The perception of people who spend longer periods outdoors is often inconsistent with objectively measured thermal comfort values. Activity intensity (low, medium, and high) was also related to the duration of time spent outdoors. Microclimatic factors affect the number of people at different activity intensities and the trajectory of the activities. Different spatial features cause different microclimate formations and can directly influence the human subjective assessment of thermal comfort. This study uniquely links the microclimate to human perceptions, physical activities, and spatial features in service of redesigning public spaces. We developed a comprehensive methodology that expands the post-occupancy evaluation and proposes new urban public space designs that consider microclimates. This study also provides a new perspective for promoting physical activity by enhancing the thermal comfort of the environment to achieve physical and mental health goals.
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1. Introduction


The Intergovernmental Panel on Climate Change warns that anthropogenic activities have already caused a rise of approximately 1 °C in global warming. Climate change predictions indicate a high probability of a further increase of 1.5 °C in global temperatures between 2030 and 2052 [1]. Rapid urban development is often accompanied by high-rise and high-density buildings, as in urban canyons, which contribute to higher air temperatures and poorer thermal comfort in the outdoor environment, influencing the livability of outdoor environments, and affecting thermal comfort perceptions and usage patterns [2].



Thermal comfort describes the degree of satisfaction with the thermal environment [3]. In the last two decades, several biometeorological indices have been developed to describe human thermal comfort levels by linking them to local microclimatic conditions. Examples include the predicted mean vote (PMV) [4], physiological equivalent temperature (PET) [5], and universal thermal climate index (UTCI) [6]. These steady-state methods are based on the analysis of heat exchange mechanisms, hypothesizing that human exposure to an ambient climatic environment enables them to reach thermal equilibrium through habituation [7]. This approach integrated meteorological parameters (air temperature, mean radiant temperature, relative humidity, and wind velocity) and personal factors (human activity and clothing levels). The UTCI reflects temporal variations in thermal conditions better than other indices and can represent subtle differences in the intensity of meteorological stimuli [8]. A comparative analysis of the UTCI and some more popular thermoclimatic indices revealed that other bioclimatic indices can only express bioclimatic conditions under specific meteorological conditions, whereas the UTCI covers a wider range of climates, weather, and locations. This is a broad generalization of the environment [9]. However, steady-state methods cannot effectively account for the dynamic aspects of human thermal adaptation [10]. Questionnaires and observations have been used to investigate the impact of microclimate on space usage and human behaviors [11]. ASHRAE55 provides five or seven subjective judgment scales to describe thermal perception and comfort [12].



Some studies have focused on the link between outdoor thermal comfort and human behavior. Nikolopou suggested that improved thermal comfort conditions in urban open spaces generally implied that more people used the space; however, there was a large discrepancy between the actual thermal comfort sensation (subjective data from interviews) and the theoretically predicted thermal comfort conditions (objective data from PMV) [13]. This difference was attributable to psychological factors such as naturalness, experience, perceived control, exposure time, environmental stimulation, and expectations [14]. However, no quantified relationship regarding the effectiveness of a design alternative has been determined due to the complex interrelationships between various factors [15]. Zacharias et al. suggested that microclimatic variables (mainly temperature and the sun) affect the presence of people in open spaces. They also noted that the presence of people does not necessarily imply their satisfaction [15]. Thorsson et al. noted that transient exposure and thermal expectations may significantly influence subjective assessment and satisfaction and that steady-state models such as PMV may not be appropriate for assessing short-term outdoor thermal comfort [16]. However, the relationship between behavior and sunlit (or shaded) patterns has not been investigated thoroughly [17]. Human adaptive behaviors to microclimates were attributed to the shading patterns formed by surrounding buildings and vegetation during hot summers [18]. The use of open spaces was highly correlated with the temperature and average radiation temperature in winter, whereas the main factors affecting the presence of people in open spaces in summer were wind and humidity [19]. People engaged in static versus dynamic activities showed different sensitivities to thermal environments. User location selection showed a strong dependence on the microclimate rather than on activity-supported facilities in winter cities [20]. Spaces in sequence do not significantly affect microclimatic variation, but significantly impact the dynamic thermal perception of pedestrians in streets [21]. However, few studies have quantitatively investigated the relationship between dynamic human activities and microclimatic factors.



Some studies have focused on the link between outdoor thermal comfort and an urban canyon. Similar to a natural canyon, an urban canyon is defined as a geometric configuration in which a public space (mostly a street) is surrounded by buildings [22]. Urban canyons are units with specific microclimates that contribute to the overall city climate when combined [23]. Most recent studies assessing thermal comfort and urban canyon microclimates have focused on the impact of urban geometric parameters such as aspect ratio (or height-to-width ratio, H/W), street orientation, and sky view factor (SVF). These geometric factors strongly affect urban microclimates under solar access and shading conditions. Urban canyons with higher H/W aspect ratios have higher wind speeds, shade from buildings, and improved thermal comfort [22]. A street orientation angle between 30° and 60° with the wind direction and a canyon aspect ratio of 2.5 can reduce the PET (°C) by 5 to 9 °C [24]. Street orientation and aspect ratio strongly affect the magnitude and duration of thermal peaks at the pedestrian level [25]. The SVF is an essential physical parameter used to assess urban microclimates and thermal comfort levels in city streets [25]. The position of the visible sky has a greater influence on meteorological and human thermal comfort conditions in a street than the SVF value [26]. However, few studies have considered the relationship between behavioral activities and urban canyon.



Public spaces in new urban areas are important for many people. However, because new urban areas have predominantly high-rise and high-density buildings, public spaces and their microclimates are more affected by the surrounding buildings. This study aimed to (1) examine the relationship between the microclimate and perception; (2) prove that the thermal comfort of the environment facilitates physical activities; and (3) propose a post-occupancy evaluation to improve the thermal comfort of public spaces using a superior design.




2. Methods


A field survey on the use of public spaces was conducted in a mixed commercial and residential complex in Fangshan District, Beijing, a new urban area closer to the old city of Beijing. This section introduces the public spaces studied and details the mixed-methods approach that was employed.



2.1. Study Area


The study was conducted in public space outside building complexes called the Vanke Fangshan Central City (FCC) in Fangshan District, located southwest of Beijing, approximately 20 km from Fengtai District, which is one of the six districts of the main city. The site was selected because the Vanke FCC is located at the entrance of the old city into Fangshan District, adjacent to the Changyang Subway Station, which was planned as a TOD. The area is surrounded by four residential communities, one primary school, and three shopping malls. The large number of occupants ensured good observational results, and the various activities in the area allowed further interpretation of outdoor space usage according to the activity type. The two main public spaces enclosed by seven 20-plus-story high-rise buildings varied significantly in form. The high-rise buildings and their proximity to busy viaducts and TOD are external conditions that significantly impact the microclimate of outdoor spaces. As shown in Figure 1, Site 1 was a courtyard space enclosed by high-rise buildings, covering an area of approximately 3000 m2. The facilities were mainly scattered seats with greenery, located close to the buildings. Site 2 was a square space, open to the viaduct and TOD on the south side and adjacent to a community park on the north side, covering an area of approximately 2700 m2, with play facilities for children that were concentrated close to the buildings (Table 1).




2.2. Methodology


The study was conducted from 5 March to 13 April 2023, which constitutes the transitional season in Beijing. The daytime average air temperature is 15 °C, with less rain and dust storms, making it more suitable for human outdoor activities and study observations. The study was divided into three phases (Figure 2). Phase 1 was a pilot study with on-site observation, with interview conducted from 5–6 March 2023. The main task was to select two sites suitable for studying outdoor activities from the exterior public spaces of mixed commercial and residential buildings. We determined the spatial features of each site, predicted trial microclimate measurement instruments, identified measurement points, and developed a study program and methods. Phase 2 was predominantly formal data collection from 7–19 March 2023 at both sites. In this phase, we collected objective data on microclimate and spatial features, subjective data on human perceptions of the microclimate, types of outdoor activities performed to varying degrees, and human behavioral trajectories. A mixed-methods approach was applied to the formal survey, including microclimate measurements, subjective questionnaires (n = 150), spatiotemporal behavior mapping (STBM) (n = 2098), and field measurements. Phase 3 involved data analysis from 20 March to 13 April 2023, which included a correlation analysis of objective microclimate data with subjective questionnaire data, a correlation analysis between the number of people active at different intensities and various microclimatic factors, a GIS analysis of activity intensities and trajectories, and a regression analysis of impact of spatial features on microclimate. The goal of the data analysis was to demonstrate that the microclimate affects perceptions and outdoor activities, while physical spatial features influence the microclimate.



2.2.1. Microclimate Measurements


This study applied a portable outdoor microclimate measurement instrument package including a Kestrel 5500 mini weather station that measured the air temperature (Ta), relative humidity (RH), global radiation (Tg), and wind speed (Va) at 10 min intervals, and an AZ8778 Black ball thermometer (ΦA = 75 mm) to measure the black ball temperature, which reflects the perceived temperature when a person is exposed to a combination of radiant and convective heat. All sensors were installed approximately 1.5 m above the ground. Table 2 lists the specifications of the sensors used to measure micrometeorological parameters.



Microclimate measurements were conducted between 8:00 and 18:00 each day in March 2023. The portable outdoor microclimate measurement instrument package was replaced every second day at the two selected sites to ensure that the data from each site was collected under the same meteorological conditions. At Site 1, the data were measured on 7, 9, 11, 16, and 18 March 2023, where 7, 9, and 16 March were weekdays and 11 and 18 March were weekends. At Site 2, the data were measured on 8, 10, 12, 17, and 19 March 2023, where 8, 10, and 17 March were weekdays and 12 and 19 March were weekends. Heavy rain and a significant decrease in the air temperature on 13, 14, and 15 March interrupted normal outdoor activities and measurements. Therefore, the data for these three days were discarded. The survey data for each site are presented in Table 3.



Solar radiation is an indicator for evaluating outdoor thermal comfort. However, the average radiant temperature (Tmrt) was not measured directly by the instrument but calculated from the black ball temperature (Tg), air temperature (Ta), and wind speed (Va), as shown in Equation (1) [27]:
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(1)







	
ε: scattering coefficient (black sphere ε = 0.95);



	
D: diameter of the black ball (D = 0.075 m).






When the average radiant temperature is equal to the air temperature, the relative humidity is 50%; alternatively, the vapor pressure is less than 2 kPa, and the wind speed at 10 m above ground is 0.5 m/s. The thermal response of the human body when walking is the same as that in the actual environment. The air temperature of this reference environment is the UTCI [6]. The parameters required to calculate the UTCI are air temperature (Ta), relative humidity (RH), wind speed (Va), and average radiant temperature (Tmrt). Ladybug Tools software (Ladybut 5) was applied to calculate the UTCI values. The UTCI equivalent temperature was categorized according to the class of thermal stresses, as listed in Table 4.




2.2.2. Subjective Questionnaires


To study perceptions of microclimate, we conducted a questionnaire survey at the sites. Research assistants randomly invited people to voluntarily participate in a 5 min survey that asked about age, job occupation, social status, family structure, type of activities, length of activities, and perception of microclimate. A total of 160 participants were interviewed from 7–19 March 2023, with no interviews conducted on 13, 14, and 15 March 2023 due to weather conditions. The final tally of valid interview samples was 150. All participants were informed in advance that this survey was only for academic research and that their personal information was confidential. The number of participants at each site was 74 at Site 1 and 76 at Site 2.



Indicators of microclimate perception included thermal sensation voting (TSV), humidity sensation voting (HSV), dynamic wind sensation voting (DSV), radiation temperature sensation voting (RSV), and overall comfort level voting (OCV). The survey used ASHRAE 5, which is a 5-point quantitative expression of a person’s thermal sensation and thermal comfort. Thermal preference was recorded on a 2-point scale, and thermal acceptability was recorded on a 1-point scale. People’s subjective assessment of environmental comfort of TSV, HSV, DSV, RSV, and OCV used the ASHRAE 5-point scale [12]. Table 5 illustrates the feelings represented by specific scores. The original questionnaire is provided in the Supplementary Materials.



Objective microclimate data combined with perceptions of microclimate can reveal the difference between subjective and objective comfort values of the microclimate, as well as the relationship between microclimate indicators and the sensitivity of individual human perceptions. We list the objective thermal comfort levels using the corresponding scale of the subjective questionnaire in Table 6 to visualize the correlation between the objective values and subjective scoring.




2.2.3. Spatiotemporal Behavior Mapping (STBM)


To obtain information on the distribution of human activities in space and time, we used the STBM method of Sun et al. [28]. The STBM survey was conducted on 15, 16, 18, and 19 March 2023, on both weekdays and weekends. Thirteen photographs of human activities at each site were taken every hour (i.e., a photo was taken of each site every 5 min). Seven photographs (every 10 min) were input into the GIS database, and the remaining six photographs were retained as backups. There were four different recording periods, including 9.30–10.30, 11.30–12.30, 13.30–14.30, and 15.30–16.30. These time intervals were chosen based on observations of human activities at the site during the pilot study. This method approximates the number of people, type of activities, and spatial distribution of human activities.



Based on the STBM approximation of human activities, we further categorized the activities according to their intensity (Table 7). The intensity of the observed activities at the sites was identified as metabolic equivalents (METs), as proposed by Ainsworth [29]. Physical activity intensity was classified as low-intensity (<3 METs), medium-intensity (3 ≤ METs < 6), and high-intensity (≥6 METs), as proposed by Pate et al. [30]. The observed activities were sitting, standing, playing with children, walking a dog, walking for pleasure, walking to work or class, jogging, and playing. These activities are listed in Table 7.




2.2.4. Field Measurements


Measuring the building layout and spatial patterns in the environment is necessary in order to study the influence of environmental factors on microclimate. Building height, density, and floor area ratio affect microclimate formation. In addition, the thermal environment of the external space of a building is influenced by space orientation, aspect ratio, sky view factor, spatial enclosure, building layout form, and shading [31]. The height of the buildings and the width of the outdoor spaces were measured on-site using an infrared rangefinder to obtain the aspect ratio (H/W). Building densities and floor area ratios were obtained from technical data provided by the owner. Due to the negligible difference between the H/W, building densities, and floor area ratios of the two selected sites, these three indicators were not a focus in the subsequent study.



The SVF is defined as the ratio of the visible sky around the measurement point and is often used to characterize the degree of spatial openness [32]. It is a dimensionless quantity that ranges from zero to one. The larger the value, the more open the space around the point. Sky visibility affects the microclimate and thermal comfort of the environment by influencing the incoming solar radiation. The building view factor (BVF) is defined as the ratio of the visible portion of a building around a given measurement point on a street. BVF is a three-dimensional characterization that provides a more intuitive response to spatial enclosures and shading than building density and floor area ratios [33]. In addition, a tree view factor (TVF) can respond to the shading status of a space, which, in turn, affects the microclimate of the environment [33]. The two sites chosen for this study had very few trees, so this indicator was not considered an influencing factor. We used a camera fitted with a fisheye lens to take photographs of the two sites and Rayman calculations were performed to derive the SVF and BVF for the two sites.



Building shading at different times at the two sites was simulated using Ladybug Tools software, and overlaid with GIS maps of human activities. This facilitated a more intuitive analysis of the correlation between human activity trajectories and changes in building shading.




2.2.5. SPSS Statistical Analysis


The general idea of the data analysis was to correlate three databases obtained from microclimate measurements, subjective questionnaires, and spatiotemporal behavior mapping. Each of the three databases contained different contents and meanings. Pearson correlation analysis was used to reveal the relationship between objective microclimate data and subjective thermal comfort voting and the relationship between physical activity intensity and microclimatic factors. Linear regression analysis was used to reveal the effects of the spatial features on various microclimatic factors.






3. Results


3.1. Perception Concerning Exposure Time and Microclimatic Factors


Using the questionnaire survey, we found that the comfortable temperature for people in Beijing in March is between 16–26 °C, which means that people feel cold when the temperature is lower than 16 °C, while UTCI believes that people feel cold when it is lower than 9 °C. This indicated that the temperatures at which people feel comfortable vary across geographies and cultures.



In addition, there was a bias between perceptions of outdoor microclimates and real-time UTCI temperatures. At Site 1, the trends of change in human perceptions were largely consistent with real-time UTCI temperatures, showing pronounced differences in the four selected time points (10:00, 12:00, 14:00, and 16:00) in the day, namely, warmest at 12:00 and 14:00 and colder at 10:00 and 16:00. However, at Site 2, there was an inconsistency between the trends of change in perceptions and real-time UTCI temperatures during the day. The real-time UTCI temperatures did not vary significantly during the day. In addition, the mean overall comfort level voting (MOCV) results from Site 2 were between −0.5 and −0, indicating that people were experiencing cold, even though the real-time UTCI temperatures were over 16 °C (Figure 3). The selected data were correlated to the objective data through time; i.e., the average of three days (7, 9, and 16 March) were used as the subjective data for Measurement Point 1 on weekdays, the average of two days (11 and 18 March) as the subjective data for weekends, the average of three days (8, 10, and 17 March) as the subjective data for Measurement Point 2 on weekdays, and the average of two days (12 and 19 March) as the subjective data for weekends.



Through on-site observations, we found that perceptions of the outdoor microclimate were related to the time people stayed outdoors. When people were engaged in transient outdoor activities, such as walking a dog or walking to work, their responses to the climate were consistent with the actual weather. However, when people spent more time outdoors, such as sitting, standing, or playing, their responses were colder than the actual temperatures. At Site 1, more people passed by or stayed briefly, and fewer stayed for long periods, so their response to the microclimate was consistent with the actual temperature. At Site 2, more people stayed for long periods and fewer stayed for short periods, so their responses to the microclimate were not consistent with the actual temperature.



To determine which microclimatic factors were associated with perceptions, we performed a correlation analysis. A normality test was conducted for MOCV and each microclimatic factor. The results showed that MOCV and all the microclimatic factors possessed the quality of normality; therefore, we chose the Pearson correlation analysis method. According to the results, we found that the MOCV in Site 1 was positively correlated with the air temperature (r = 0.985 *, p = 0.015) and the radiation temperature (r = 0.959 *, p = 0.041), whereas the MOCV in Site 2 was negatively correlated with the wind (r = −0.983 *, p = 0.017) (Table 8). Therefore, the MOCV at Site 1 had a strong linear relationship with the air temperature and radiant temperature; i.e., perceptions were primarily influenced by the air temperature and radiant temperature. The MOCV at Site 2 had a strong linear relationship with wind and a negative influence relationship; i.e., perceptions were mainly affected by wind, and the higher the wind speed was, the colder the subjective experience was.



Therefore, we concluded that the perception of the microclimate was related to the length of their exposure time and various microclimatic factors. The shorter the time people spent outdoors was, the more accurate their response was compared to the actual conditions, and the longer the time people spend outdoors, the more susceptible their response is to personal factors. In addition, the perception of people under the same weather conditions can be influenced by various microclimatic factors. These factors may have different effects at different sites, possibly related to their spatial features.




3.2. Activity Intensity and Trajectories Concerning Microclimatic Factors


Through field observations, we found that human exposure times were related to the type and intensity of the activities performed. Medium-intensity activities were all short-stay activities, such as walking a dog, walking for pleasure, or walking to work or class, and were present on the sites for an average of no more than 30 min. In contrast, both low- and high-intensity activities had longer outdoor exposures. For example, typical low-intensity activities were sitting and standing, and typical high-intensity activities were children walking and playing. Both activities lasted on the sites for more than one hour on average.



To explain the relationship between activity intensity and microclimatic factors, we performed a correlation analysis between the number of people with different activity intensities and various microclimatic factors. A normality test was conducted for the number of people with different activity intensities and each microclimatic factor, and the results showed that activity intensities and all the microclimatic factors possessed the quality of normality; therefore, we chose the Pearson correlation analysis method. Activity intensity had a strong linear relationship with air and radiation temperatures and was negatively correlated with air temperature and positively correlated with radiation temperature (Table 9).



However, these correlations differed between the sites. At Site 1, we found a negative correlation (r = −0.965 *, p = 0.035) between high-intensity activities and air temperature; i.e., the higher the air temperature, the lower the number of people engaged in high-intensity activities (e.g., children walking and playing). While both low-intensity (r = 0.950 *, p = 0.050) and high-intensity activities (r = 0.997 **, p = 0.003) were positively correlated with radiation temperature, the correlation between high-intensity activities and radiation temperature was even more pronounced; i.e., the sunnier it was, the more active both low- and high-intensity activities were. At Site 2, only low-intensity activities were correlated with microclimatic factors; i.e., they were negatively correlated with air temperature (r = −0.988 *, p = 0.012) and positively correlated with radiation temperature (r = 0.971 *, p = 0.029). The number of low-intensity activities decreased with increasing air and radiation temperatures and that low-intensity activities (sitting and standing) were more likely to occur in sunny locations. Medium-intensity activities were not associated with microclimatic factors at Sites 1 or 2.



Therefore, we concluded that the microclimate was more likely to affect the types of activities that were performed outdoors for longer periods, such as low- and high-intensity activities, while it did not affect the types of activities that were performed outdoors for shorter periods, such as medium-intensity activities. During the transitional season, air and radiation temperatures were more likely to affect low- and high-intensity activities. Because air and radiation temperatures affect low- and high-intensity activities differently and to different extents at the two sites, we further analyzed the spatial features of the sites where low- and high-intensity activities occurred and related the spatial characteristics to microclimatic factors. We marked human activities on the GIS according to different activity intensities at four selected time points (10:00, 12:00, 14:00, and 16:00) on the day (Figure 4) obtained by the STBM method.



We observed different activity trajectories for different activity intensities at the two sites. At Site 1, the activity trajectory of low-intensity activities (mainly sitting and standing) varied with the position of the sun; specifically, human faces were always turned back in the direction of the sun. High-intensity activities (mainly children playing) occurred on the northward side of Site 1, a place completely in the shadow of the surrounding buildings at both 10:00 and 16:00. There was a slide for children that attracted both children and responsible adults watching them at this area. The number of people moving around increased with increased solar radiation, and the responsible adults caring for the children moved with the shadows of surrounding buildings and were always in places with optimal sun exposure. This phenomenon is consistent with the results presented in Table 9.



At Site 2, low-intensity activities (mainly sitting and standing) were concentrated around an area of the playground, which was only affected by the shadows of the surrounding buildings at 16:00. The number of people engaged in low-intensity activities increased with increasing solar radiation, with people concentrated on the south side of the seats at 10:00, 12:00, and 14:00, and on the north side of the seats, in the shadows of the surrounding buildings, at 16:00, when air temperatures were also the highest of the day. In addition, we found that the movement tracks of high-intensity activities varied with wind speed. At 10:00, there was almost no wind, and the children and parents moved closer to the more open southern side of the site. At 12:00, the wind became stronger (v = 1.3), and the children and parents moved their activities to the north side of the site to gain shelter from the surrounding buildings. At 16:00, the wind became lighter (v = 0.8), and the children and parents moved back to the south side of the site to a more open area. As a result, the tracks of high-intensity activities at Site 2 were also influenced by the wind, which is not shown in Table 10.



We determined that not only that the intensity and duration of activities were related to the microclimate but also that the trajectories of the activities were affected by the microclimate. All these changes were associated with spatial features.




3.3. Spatial Features Concerning Microclimatic Factors


The results of 3.1 and 3.2 revealed that spatial features may influence the microclimate of the sites, the intensity of human activities, and human perceptions of microclimate. Therefore, we conducted a series of analyses to discover potential correlations among these three factors. Three indicators were used to characterize the physical features of the sites: H/W, SVF, and BVF. All three indicators were used to express the degree of spatial openness of the study sites (see Table 10). We used these three indicators to perform a regression analysis with each factor and the subjective evaluation value of the microclimate to reveal the influence of physical space on the microclimate and human perception. The building layouts at the two sites also exhibited different patterns (Figure 5).



In this study, we assumed that the spatial features of the buildings would have an impact on the microclimate. Specifically, it was examined whether the sky view factor (SVF) and building view factor (BVF) in the spatial features would have an effect on the UTCI, air temperature, wind speed, relative humidity, and mean radiant temperature in the microclimate (Table 11 and Table 12); we applied a linear regression model to analyze the interrelationships between SVF and BVF in the spatial morphology of the microclimate on the elements in the microclimate. The dependent variables are, respectively, UTCI, MOCV, air temperature (Ta), wind speed (Va), relative humidity (RH), and mean radiant temperature (Tmrt). The independent variables are, respectively, SVF and BVF. We believe that, if there is an impact on the elements of the microclimate, this impact is linear. We used scatter plots to observe the correlation between the independent and dependent variables and analyzed the fit of the model to determine whether there were any covariance problems in the model before performing a linear regression analysis on the data. The scatterplot and fitting analysis proved that the independent and dependent variables have an association and that this association has covariance. Based on the results of the linear regression analysis of the SVF and microclimate, the SVF had a significant negative effect on the UTCI and air temperature. SVF did not affect MOCV or other microclimatic factors. A larger SVF meant more open space, a lower UTCI, and air temperature (Table 11). Based on the regression analysis of BVF and microclimate, BVF had a significant positive effect on UTCI, air temperature, and mean radiant temperature and had a significant negative relationship with wind speed. The larger the area of buildings people saw, the higher the enclosure of the space; the higher the UTCI, the air temperature, and mean radiant temperature; and the lower the wind speed (Table 12). H/W did not have any impact on microclimatic factors.



We took the conclusions from the linear regression analysis and compared them to the actual situation at Site 1 and Site 2 and found that the SVF value in Site 2 was higher than in Site 1. While the BVF value in Site 1 was higher than in Site 2, the mean UTCI and the mean air temperature in Site 1 were higher than in Site 2, and the mean wind speed were lower than in Site 2 (Table 13). This was consistent with the results of the regression analysis described above.



A regression analysis of the microclimate by the spatial features revealed that none of the spatial indicators had an effect on subjective perception. In addition, spatial characteristics did not show an influential relationship with the intensity of the activity.





4. Discussion


4.1. Presence Does Not Mean Satisfaction


In most cases, the UTCI results did not account for the average perception of thermal comfort. Subjective differences in individual thermal comfort depend on human age, clothing, past experiences, and expectations. This study found that outdoor exposure time and environmental stimuli affected subjective assessments of thermal comfort.



At Site 1, people who completed our questionnaire predominantly passed through the site or stopped briefly. Particularly at lunchtime, the first floor of the buildings at Site 1 was dominated by food and drink outlets, and most people moving around at Site 1 were people coming to eat. People in Beijing rarely choose to dine outside, especially in March when the temperatures are still low. The shorter the time people spend outdoors, the more pronounced the environmental stimuli, and the more sensitive they were to thermal comfort. Their assessments of thermal comfort were less correlated with individual differences, past experiences, and expectations. In contrast, most of the people at Site 2 who were surveyed using our questionnaire stayed at the site for a longer period. The main reason for this was the presence of a children’s playground at Site 2 where children and accompanying parents tended to stay outdoors for more than an hour. These individuals have high requirements for both thermal and site comfort. Therefore, the perception of thermal comfort at Site 2 is inconsistent with the UTCI results. As outdoor exposure times increased, their assessments appeared to be on the colder side of the response, even though the UTCI results for that time indicated a comfortable temperature level.



This can be explained by the fact that, when people stay outdoors for a short period, their perception of thermal comfort is consistent with the objective climatic temperature, whereas, when they spend more time outdoors, their perception of thermal comfort is inconsistent with the objective climatic temperature. Their perception of weather is more susceptible to microclimatic factors, meaning that microclimates can impact their thermal comfort when they spend long periods outdoors. Microclimatic factors have different impacts on different sites. In contrast, the presence of more people at a site does not mean that people feel more comfortable there, but rather that a certain amenity at the site is more attractive, and that people are willing to contend with less comfortable climatic conditions to use the urban public space for necessary social and physical activities.



Therefore, the outdoor spaces are not necessarily satisfactory. This may be due to poor thermal comfort, rather than a lack of attractive spaces or facilities, as previously reported.




4.2. Spontaneous Human Behaviour Increases Possibility and Uncertainty


The presence of facilities such as seating and playgrounds is predetermined by the designer of the space, whereas how the place is used depends on the daily users and their spontaneous behaviors.



This study found that the main factor affecting human thermal comfort in Site 1 was the radiant temperature and the activities of people being more low-intensity activities, i.e., sitting and standing which are more dependent on seating facilities. Human choices of where to sit or stand changed according to the position of the sun. In the colder month of March, people were willing to be more exposed to the sun, so they chose to sit or stand in positions where they could be exposed to the sun and kept their backpacks facing the sun rather than their faces. We can assume that, in the warmer summer months, people choose to sit or stand in locations that do not have direct sunlight and try to hide in the shadows of surrounding buildings for a cooler resting place. Therefore, the seating facilities and resting places at Site 1 have more possibilities and uncertainties as the seasons change, and human needs for thermal comfort change from season to season. The main factor affecting people’s thermal comfort at Site 2 was wind, and the main activities were a mix of high- and low-intensity activities involving children playing and parents accompanying their children in the playground located in the core of Site 2. The trajectory of the children playing and the position of the parents sitting and standing changed depending on the wind speed and direction. In March, the wind was from west to east, and, when the wind became stronger, both children and parents moved to the north side of the site, where the surrounding buildings minimized the wind speed. When the wind became lighter, people moved to the south side of the site, where a more open space for activities was available. We speculate that, when summer arrives and the winds are generally from the southeast, people would prefer to be where the wind is blowing; the trajectory of human activities may change. Therefore, this change creates more possibilities and uncertainties in the design of playgrounds and seating facilities at Site 2.



As a result, existing fixed facilities on sites do not promote the better use of places or better experiences. Therefore, flexible and better climate-resilient designs are needed, for example, seats that can be moved flexibly, trees that provide more shade in the summer months, and walls that can block the wind.




4.3. Renewal of Spaces from a Microclimate Perspective to Improve Public Spaces


By analyzing the spatial features, we found that, although the two sites were in proximity, the spatial features of the two sites were different because of the surrounding buildings enclosing each other, resulting in slightly different microclimates. For example, the openness of Site 1 was smaller, the enclosure was higher, and the thermal comfort was more easily affected by the air temperature and radiation temperature. Site 2 was more open, and the thermal comfort was more easily affected by the wind. The H/W ratios of the two sites were sufficiently close that there was no discernible effect on the differences in the microclimate. Although spatial openness did not present a clear relationship of influence with human thermal comfort, they were mentioned in the questionnaire: “It’s got a great view and so I feel comfortable here.” (N45 in Site 2); “I think it’s a little windy here because it’s so open,” (N58 in Site 2); “It was too open, I feel a little cold,” (N77 in Site 2); “I feel comfortable sitting here,” (N32 in Site 1); “I usually like to stand here for a while because it’s warm here,” (N41 at Site 1); and ”I’d rather pass by here on my way to work than that square over there.” (N82 at Site 1). Therefore, we concluded that spatial features affect subjective thermal comfort. However, this impact was greater at the psychological level than on the objective environment.



However, we demonstrated that the aspect ratio and openness of a space can affect thermal comfort, making it difficult to change these indicators in an actual retrofit. Trees have a more pronounced effect on the thermal environment [34], especially in the summer, when they can reduce the radiant heat in the environment through shading and enhance the thermal comfort of the environment. There was a lack of trees at both sites. At Site 2, hardly any trees or vegetation could be added to the design of trees and vegetation in the subsequent renewal of spaces. In addition, we considered adding small-scale amenities to help improve thermal comfort at the site.





5. Conclusions


Public spaces in the city are important places for human activities and public life; however, although many people use public spaces, they do not necessarily feel comfortable or satisfied but are forced to stay there because they have no alternative. There are often such public spaces in new towns around urban centers that have only been initially developed, but the scale of public spaces is not human-friendly. There is still great potential to design these public spaces further; therefore, deepening the design from a microclimate perspective is a more reasonable basis. From the perspective of improving the current problem, more trees that can survive in winter and have heavy foliage in summer could be placed in Site 1 to provide more shade around the seating facilities in summer and enhance the thermal comfort of people sitting there in summer. In Site 2, depending on the different wind directions in winter and summer, conifers that can block the wind in winter and deciduous trees that can provide shade in summer are arranged in the south-west direction and in the south-east direction, respectively. From the perspective of enhancing the quality of the environment, water features such as small pools and fountains can be added. Water features have the effect of improving the microclimate of local environments, such as filtering dust and lowering local temperatures to form a natural air conditioner. In addition, the sound of water flowing can also have the effect of enhancing mental pleasure, providing a higher level of comfort for people using the site.



From a human perspective, urban public spaces can promote physical activity, which is not limited to physical exercise but should also include people resting outdoors and commuting daily. Physical activities were categorized as low-, medium-, and high-intensity. An ideal public space would simultaneously support all three activity types well. This is an important assessment factor for the post-occupancy evaluation (POE) of outdoor public spaces. This study demonstrated the influence of outdoor thermal comfort on physical activity and showed that microclimatic factors affecting physical activity vary depending on the activity intensity. The modelling and assessment of the microclimate can also be an important method for POE in outdoor public spaces. In addition, the spontaneous activities of people in a place can bring more possibilities and uncertainties, providing more ideas for a redesign, for example, providing more moveable seats so that people can choose where to sit in the shade or where it is windy, and more soft paving instead of the current homogenized hard paving to allow people to make their own choices about where to walk.



The unique contribution of this study was to link microclimates with human perceptions, physical activities, and spatial characterization elements of public spaces in the service of a public space redesign. Previous studies demonstrated that microclimates affect the thermal comfort of the environment. However, this study confirmed that microclimatic factors, such as the radiation temperature and wind, are more capable of influencing the perception of human thermal comfort. In addition, spatial features, such as the openness of a space, can influence the formation of microclimatic differences, but to a lesser extent, and the impact on people is greater at the psychological level. For example, a more open space is psychologically cooler, while a more enclosed space is psychologically warmer. These effects are difficult to determine from an objective data analysis. These results provide policy makers with the means to achieve the goal of bringing existing empty, detail-poor public spaces to a more intimate scale from the perspective of improving local microclimates, and designers with more effective and innovative strategies for deepening design.



One limitation of this study is that the microclimate was not adequately modelled. Only the shadows of the sites were simulated over time and overlaid with human activities, which were used to analyze the influence of building shadows on human behavior. It also lacks a simulation of thermal comfort and wind speed, which influence human behavior, allowing for a more intuitive view of the impact of spatial layout forms, surrounding buildings, facilities, and vegetation on the microclimate and human activities, which can provide more rational design strategies. Another limitation of this study is the lack of modelling of soundscapes. Soundscapes brought about by heavy traffic or those brought about by natural sounds of water, birds, children’s play, etc. have a completely different impact on one’s outdoor experience. For an optimal outdoor experience, all sensory experiences should be considered together [35].
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Figure 1. Location of measurement points and photos in Site 1 and Site 2 (drawn and photographed by the authors). 
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Figure 2. Methodology diagram (drawn and photographed by the authors). 
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Figure 3. The relationship between the UTCI and the MOCV in the two sites. 
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Figure 4. Activities according to different activity intensities. 
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Figure 5. Different patterns of the building layouts at the two sites. 
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Table 1. Characteristics of the two selected sites in Vanke Fangshan Central City (FCC).
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	Orientation
	Spatial Features
	Facility Features





	Site 1
	north–south
	approx. 3000 m2;

a courtyard space;

closely enclosed by high-rise buildings
	seats with greenery;

scattered distribution;

closed to buildings



	Site 2
	north–south
	approx. 2700 m2;

a square space;

open to the viaduct and urban railway station on the south side;

adjacent to a park on the north side
	children’s play facilities;

concentrated distribution;

proximity to buildings










 





Table 2. Specification of the sensors used in this study.
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	Parameter
	Sensor
	Range
	Accuracy





	Air temperature
	Kestrel 5500
	−29 to 70 °C
	±0.5 °C



	Relative humidity
	Kestrel 5500
	5% to 95%
	±3%



	Wind speed
	Kestrel 5500
	0.4 to 40 m/s
	±0.1 m/s



	Black ball temperature
	AZ8778
	0 to 80 °C
	±1.5 °C










 





Table 3. Survey dates during the study.
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	Weekdays
	Weekends





	Site 1
	7 March; 9 March; 16 March 2023
	11 March; 18 March 2023



	Site 2
	8 March; 10 March; 17 March 2023
	12 March; 19 March 2023










 





Table 4. Thermal stress and thermal comfort classification at UTCI.
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	UTCI (°C)
	Thermal Stress Level
	Thermal Comfort Level





	−13 < T < 0
	stronger cold stress
	cold



	0 < T < 9
	slight cold stress
	cool



	9 < T < 26
	no thermal stress
	comfortable



	26 < T < 32
	stronger thermal stress
	warm



	32 < T < 38
	strong thermal stress
	hot










 





Table 5. Microclimate subjective perception scale ASHRAE 5.
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	−2
	−1
	0
	1
	2





	TSV
	cold
	cool
	neutral
	warm
	hot



	HSV
	very dry
	sightly dry
	neutral
	sightly wet
	very wet



	DSV
	no wind
	breeze
	neutral
	a little windy
	strong wind



	RSV
	no sunshine
	not too sunny
	neutral
	a little sunshine
	very sunny



	OCV
	very uncomfortable
	a little uncomfortable
	comfortable
	a little comfortable
	very comfortable










 





Table 6. Correlation between the thermal comfort level and subjective scores.
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	UTCI (°C)
	Thermal Comfort Level
	Subjective Scores





	−13 < T < 0
	cold
	−2



	0 < T < 9
	cool
	−1



	9 < T < 26
	comfortable
	0



	26 < T < 32
	warm
	1



	32 < T < 38
	hot
	2










 





Table 7. Classification of activity intensity.
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Specific Activity

	
Sitting

	
Standing

	
Playing with Children

	
Walking the Dog

	
Walking for Pleasure

	
Walking to Work or Class

	
Children Jogging

	
Children Playing






	
METs

	
1.5

	
1.8

	
3.0

	
3.0

	
3.5

	
4.0

	
5.9

	
6.9




	
Intensity

	
<3 METs low-intensity

	
3 ≤ METs < 6

	
medium-intensity

	
≥6 METs high-intensity











 





Table 8. Pearson correlation analysis of the measured microclimatic data with MOCV.
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MOCV in Site 1

	
MOCV in Site 2






	
UTCI

	
r

	
0.941

	
−0.229




	
p-value

	
0.059

	
0.771




	
air temperature

	
r

	
0.985 *

	
0.635




	
p-value

	
0.015

	
0.365




	
wind speed

	
r

	
0.362

	
−0.983 *




	
p-value

	
0.638

	
0.017




	
relative humidity

	
r

	
0.019

	
−0.860




	
p-value

	
0.981

	
0.131




	
mean radiation temperature

	
r

	
0.959 *

	
−0.869




	
p-value

	
0.041

	
0.131








Note: r: Pearson correlation coefficient. * p < 0.05.













 





Table 9. Pearson correlation analysis between activity intensity and microclimatic factors.






Table 9. Pearson correlation analysis between activity intensity and microclimatic factors.













	
	
	Air Temperature
	Wind
	Humidity
	Radiation Temperature





	Site 1
	low-intensity
	−0.473
	0.154
	0.492
	0.950 *

(p = 0.050)



	
	medium-intensity
	−0.411
	0.132
	0.917
	0.564



	
	high-intensity
	−0.965 *

(p = 0.035)
	0.356
	0.298
	0.997 **

(p = 0.003)



	Site 2
	low-intensity
	−0.988 *

(p = 0.012)
	0.874
	0.763
	0.971 *

(p = 0.029)



	
	medium-intensity
	−0.307
	0.661
	0.628
	−0.018



	
	high-intensity
	−0.458
	0.276
	0.207
	0.729







Note: * p < 0.05, ** p < 0.01.













 





Table 10. Spatial features indicators of the two sites.
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	H/W
	SVF
	BVF





	Site 1
	0.80
	0.53
	0.72



	Site 2
	0.70
	0.61
	0.64










 





Table 11. Regression analysis of SVF and microclimate.
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	B
	p-Value





	UTCI
	−16.514
	0.045 *



	MOCV
	1.229
	0.545



	air temperature
	−28.777
	0.001 **



	wind speed
	0.988
	0.721



	relative humidity
	55.132
	0.249



	mean radiant temperature
	6.947
	0.425







Note: The dependent variables are, respectively, UTCI, MOCV, air temperature (Ta), wind speed (Va), relative humidity (RH), and mean radiant temperature (Tmrt). The independent variable is SVF. B: regression coefficient. The p-value determines whether it presents any significance. * p < 0.05, ** p < 0.01.













 





Table 12. Regression analysis of BVF and microclimate.
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	B
	p-Value





	UTCI
	30.215
	0.032 *



	MOCV
	0.499
	0.633



	air temperature
	13.259
	0.026 *



	wind speed
	−3.190
	0.000 **



	relative humidity
	−26.506
	0.559



	mean radiant temperature
	79.679
	0.028 *







Note: The dependent variables are, respectively, UTCI, MOCV, air temperature (Ta), wind speed (Va), relative humidity (RH), and mean radiant temperature (Tmrt). The independent variable is BVF. B: regression coefficient. The p-value determines whether it presents any significance. * p < 0.05, ** p < 0.01.













 





Table 13. Comparison of the mean values of microclimatic factors with the values of elements of spatial features for Site 1 and Site 2.
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Site 1

	
Site 2






	
microclimatic factors

	
UTCI/°C

	
21.685

	
21.477




	
mean air temperature/°C

	
17.125

	
15.912




	
mean wind speed/(m/s)

	
0.812

	
0.887




	
mean relative humidity/%

	
16.525

	
31.850




	
mean radiant temperature/(W/m2)

	
37.837

	
38.787




	
spatial features

	
SVF

	
0.53

	
0.61




	
BVF

	
0.72

	
0.64




	
H/W

	
0.80

	
0.70
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