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Abstract:



Two types of methods are used to evaluate pedestrian comfort: pedestrian wind comfort and outdoor thermal comfort. To accurately ascertain the outdoor wind environment, wind speed is the only parameter considered. However, pedestrians may still feel discomfort when the perceived temperature is low, even though the wind comfort criterion has been satisfactorily fulfilled. The purpose of this study is, therefore, to investigate pedestrian comfort when the perceived temperature is low, especially in winter conditions. To achieve this, a pedestrian survey was conducted, and 588 respondents completed a questionnaire. The results show that pedestrians feel discomfort when the WCET (Wind Chill Equivalent Temperature) is low, with almost 40 percent of respondents answering that they feel discomfort in these conditions. In conclusion, the threshold wind speed of the winter season could be determined to be lower than that of the existing comfort criteria by applying the WCET.
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1. Introduction


Recently, there has been an increase in the construction of high-rise buildings in cities; therefore, the microclimate around the buildings has changed. High speed winds that occur around high-rise buildings are introduced at the ground level and have a negative impact on the wind environment of pedestrians. Thus, pedestrian discomfort increases, and safety problems occur due to strong winds. In fact, there have been reports of cases in which an unpleasant outdoor wind environment leads to an untenanted building due to few visits from customers [1]. In addition, there have been reported incidents of death due to wind gusts that occur around high-rise buildings [2]. Therefore, the effects of mechanical forces of leaves and objects blown off by the wind should be considered to provide pedestrians with a pleasant and safe wind environment.



For the evaluation of the mechanical force effects, it is necessary to classify the effects of the mechanical force on the wind environment of pedestrians. Studies on the effects of winds on pedestrians have been performed by many researchers. Penwarden suggested that a wind speed of higher than 5 m/s serve as a standard of the discomfort of pedestrians [3]. Lawson et al. added the effects of the wind speed on people to the “Land Beaufort Scale”, which has widely been used in the field of meteorology [2]. Murakami et al. classified the degrees of the effects on pedestrians depending on the wind speed through wind tunnel experiments as well as field experiments and observations of the surroundings of high-rise buildings [4].



The frequency of occurrence at each location when the threshold wind speed is applied, as in the “Beaufort Scale”, should be analyzed to evaluate the wind environment of pedestrians. Isyumov et al. classified the activities of pedestrians into walking fast, strolling, standing and sitting types, and then defined the frequency of occurrence to satisfy pedestrian comfort for each activity [5]. Accordingly, they could evaluate the number of times per year that exceeded the threshold wind speed. Among the annual frequency of occurrence at each location, the time that exceeds the threshold wind speed was defined as the probability of exceedance, and the pedestrian comfort criteria were devised through this probability. The Dutch wind nuisance standard NEN 8100 has recently been proposed. In the NEN 8100, the threshold values for the hourly mean wind speed were set to 5 m/s and 15 m/s for wind comfort and wind danger, respectively. In addition, the quality classes from A to E were presented in accordance with the range of the probability of exceedance [6].



Our research team performed an analysis on the pedestrian wind comfort of a high-rise building complex located in Beijing, China based on the criteria for pedestrian wind comfort according to the existing criteria. We then proposed a solution to reduce the wind speed by estimating the location where an unpleasant environment is expected to occur due to strong winds. However, complaints were reported after the completion of the project. In the process of analyzing the causes, we found that pedestrians feel discomfort even at a low wind speed due to thermal discomfort in addition to the wind speed. In other words, pedestrians perceive the low speed wind as a strong wind at low temperatures in winter and thus feel discomfort.



Lawson et al. mentioned that, because pedestrians adjust their clothing conditions to improve thermal comfort in outdoor environments where they stay for a relatively short time, the wind speed does not have a significant impact on the thermal comfort conditions [2]. Pedestrians tend to compensate for outdoor temperature changes by wearing appropriate clothing to maintain thermal comfort. However, this tendency is limited to cases in which the outdoor environmental conditions are not extreme. In particularly cold conditions, pedestrians can feel thermal discomfort through skin exposed to the cold, even though they wear thick clothes [7]. We reached the conclusion that additional measures are needed for the pedestrian wind comfort criteria if plans on the outdoor wind environment in winter are set up based on the existing studies and experience through a project.



The purpose of this study is to propose a method to improve the existing pedestrian wind comfort criteria. In the existing criteria, as stated before, wind speed was the only parameter used to evaluate pedestrian comfort. However, in certain conditions, especially in winter, pedestrians are likely to feel huge discomfort because of not only wind speed but also other parameters such as the air temperature. Toward this end, we combined thermal comfort elements to the reference parameter (threshold wind speed) of the existing pedestrian wind comfort. Since the 1980s, many studies have been conducted regarding pedestrian thermal comfort [8,9,10]. Since then, several studies on the external thermal comfort have continuously been performed with a focus on the summer season or warm sectors. On the other hand, there were fewer case studies focusing on cold areas or the winter season [11]. One of the methods commonly used to assess thermal comfort in winter is the wind chill, and the wind chill is applied in the field of pedestrian thermal comfort [12,13].



A questionnaire survey was conducted based on guided interviews with pedestrians to evaluate the subjective perception of the wind environment of pedestrians. The survey was performed in a downtown area. The questionnaire included brief personal information, time, clothing value and a perception of the wind environment. From the results of the survey, the pedestrian perception of the outdoor wind environment was derived from the statistical method. The result of the pedestrian perception was compared with the WCET (Wind Chill Equivalent Temperature) and reference wind speed. An alternative plan was considered based on the results of the questionnaire survey.




2. Evaluation Method of Pedestrian Comfort


2.1. Pedestrian Wind Comfort—Mechanical Effects


Pedestrians feel discomfort when strong winds occur frequently. If pedestrians feel discomfort, they behave in a variety of ways to avoid these wind effects [14]. Thus, evaluation criteria are required to solve the pedestrian discomfort problems. In this regard, the pedestrian wind comfort criteria were devised. The method for evaluation of the pedestrian wind environment consists of the threshold wind speed and probability of exceedance.



The threshold wind speed for evaluating the pedestrian wind comfort refers to the standard of wind felt by pedestrians, and various values have been proposed through several studies [15,16]. The probability of exceedance represents the probability that exceeds the threshold wind speed. Based on these two factors, the criteria to assess the pedestrian wind comfort can be established.



There are several criteria for pedestrian wind comfort. The Lawson criterion is the most restrictive criteria. The threshold wind speed was divided into three categories based on pedestrian activities (Table 1). This criterion set a limit of 2 percent of exceedance probabilities for every activity. In recent years, a new standard for pedestrian wind comfort (NEN 8100) has been proposed in the Netherlands. In the NEN 8100, the threshold wind speed was set to 5 m/s, and the wind danger to 15 m/s (Table 2). Many researchers also estimate that, as in the NEN 8100, pedestrian wind discomfort caused by winds does not occur if the wind speed does not exceed 5 m/s [17].



Table 1. Wind comfort criteria of Lawson.







	
Wind Speed Threshold

	
Maximum Allowed Exceedance Probabilities

	
Description of Activity






	
1.8 m/s

	
2%

	
long time outdoor sitting




	
3.6 m/s

	
2%

	
standing or casual walking or sitting short time




	
5.3 m/s

	
2%

	
strolling










Table 2. Wind comfort criteria of NEN 8100.







	
Probability of Exceedance

	
Quality Level

	
Activity-Level




	
I. Walking, Normal Pace

	
II. Walking, Leisurely Strolling

	
III. Sitting, Longer Time






	
1–2.5

	
A

	
Good

	
Good

	
Good




	
2.5–5

	
B

	
Good

	
Good

	
Moderate




	
5–10

	
C

	
Good

	
Moderate

	
Poor




	
10–20

	
D

	
Moderate

	
Poor

	
Poor




	
≥20

	
E

	
Poor

	
Poor

	
Poor










Finally, the pedestrian wind comfort can be assessed through the exceedance probability on the threshold wind speed. The probability of exceedance is obtained by introducing a stochastic technique to calculate the probability of the threshold wind speed (5 m/s; in general) at a particular position. Statistical data, a threshold wind speed and the Weibull parameter are all needed to calculate the exceedance probability in the existing comfort criteria. The probability of exceedance is calculated through the following equation:
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(1)




where Pθ is the probability of exceedance (%), Ulocal is the local wind speed, Uthr is the threshold wind speed (m/s), A(θ) is the probability for the wind direction θ, and c(θ) and k(θ) are the Weibull parameters.



In the existing pedestrian wind comfort criteria, an identical threshold wind speed is applied during the whole year. However, pedestrian can feel wind discomfort at a smaller wind speed than the threshold wind speed in winter. For this reason, applying an identical threshold wind speed is not always appropriate in regions that have a long winter season. To solve this problem, wind chill was applied to the threshold wind speed in winter.




2.2. Wind Chill Index—Thermal Effect of Wind


The effects of meteorological parameters on the thermal comfort vary depending on the season and time. In summer, an increase in temperature and humidity contributes to the higher perceived temperature. Conversely, the perceived temperature varies with the wind speed and temperature in winter. Greater wind speeds promote convective heat transfer, causing the body to lose heat quickly [18].



The wind chill index (WCI) was designed to evaluate the risk of freezing cold injuries such as frostbite. However, it has also been utilized as an indicator of thermal comfort evaluation in winter [19]. The thermal comfort of the human body is determined by various environmental factors such as air temperature, radiant temperature, humidity, wind speed, metabolic rate, clothing level and exposure time. However, the WCI can be calculated with two variables: air temperature and wind speed.



The WCI was first developed by weather services in the USA and Canada in the 1940s and has since gone through many improvements [20]. The WCI (W/m2) is based on the cooling rate of a plastic bottle exposed on the outdoor environment. The WCET (or WCT) is based on a model of skin temperature under the outdoor environment with wind speed and temperature. The WCET is more suitable than WCI to evaluate the human perception of wind. The currently used WCET was developed by medical experts and scientists of the Joint Action Group for Temperature Indices (JAG/TI) in Canada and the United States in the winter of 2001. The WCET reflected the exposed skin temperature of the human body that changes in a variety of wind speed conditions. Twelve adults (six men and six women) were tested to evaluate wind chill. In addition, it assumed the average walking speed of a pedestrian to be 1.34 m/s. The wind chill equivalent temperature (WCET; TWC) is calculated as follows [21].
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(2)




where TWC is WCET (°C), Ta is air temperature (°C), and V is air velocity (km/h).



Along with the pedestrian wind comfort criteria, the WCET has been utilized to evaluate pedestrian wind environment. To assess pedestrian comfort, Soligo et al. combined the existing mechanical effect of the wind with thermal effects. In this regard, this study proposed a new pedestrian comfort assessment program to ensure that the value of the WCET meets the minimum acceptable equivalent temperature of −20 °C and applied the probability indicating that the equivalent temperature of wind chill becomes less than −20 °C depending on the external wind speed to the pedestrian wind comfort. Szucs et al. utilized a new WCET to meet the thermal comfort of spectators in stadiums, which are semi-outdoor spaces. In this study, a parametric study was performed to find a condition in which WCET of the stadium becomes more than 0 °C based on the Wind comfort assessment method used by CSTB Nantes.



Mansoureh set the comfort range with respect to the indices that give thermal stress in the outdoor environment, and focused on the wind chill as a factor that gives cold stress. In particular, the author presented the thermal sensation felt by pedestrians depending on the range of WCET, as shown in Table 3 [22]. While the discomfort problem caused by wind chill is not great if the WCET ranges from 0 to −10 °C, the cold stress is felt if it is less than −10 °C. Therefore, there is a need for a solution for cases in which the WCET is less than −10 °C. In this study, −10 °C of WCET was used as the standard of the thermal sensation in outdoor environments with reference to the study of Monsoureh. By applying WCET, the threshold wind speed of the pedestrian wind comfort criteria can be modified. In this study, the questionnaire survey was performed to confirm this method.



Table 3. Thermal sensation based on wind chill index.







	
WCET

	
Thermal Sensation






	
−10 to 0

	
Low cold stress




	
−25 to −10

	
Moderate cold stress




	
−35 to −25

	
Heavy cold stress




	
Less than −35

	
Extreme cold stress











2.3. Micrometeorological Measurement


To investigate pedestrian wind comfort, the authors selected a district located in Seoul which experiences a particularly cold winter. A commercial district with high-rise buildings was chosen for this study. There is a subway station and three department stores in the area. This district has an average 28,299 people/day floating population [23]. Two locations through which many pedestrians pass were selected for measurement. The first location is in front of a subway exit that is the main route to the station square, and the second location is in front of the exit of a department store (Figure 1).


Figure 1. Measurement location for pedestrian comfort.
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A field measurement was performed over 12 days when the average outdoor air temperature is predicted to be below 0 °C from January to February. Wind speed and outdoor air temperatures were measured for meteorological parameters. At each location, measuring equipment (TESTO-480) was set up. Wind speed, air temperature and relative humidity were recorded at 10 s intervals from 10:00 a.m. to 7:00 p.m. Finally, the measured data were calculated and the one-minute average ascertained.




2.4. Wind Perception Survey of Pedestrian


The questionnaire survey was carried out by guided interviews with pedestrians around the project site. To investigate the subjective perception of the outdoor wind environment, researchers gave a brief explanation about the investigating items to respondents.



The investigating items contain survey time, gender, clothing level, strolling time (outdoors), subjective perception of wind and comprehensive comfort. The subjective perceptions of pedestrians were divided into two categories: pedestrian wind comfort (mechanical force of wind) and comprehensive pedestrian comfort (combined with temperature and relative humidity). These items were evaluated based on a four-point scale (0: Clearly unacceptable; 1: Just unacceptable; 2: Just acceptable; 3: Clearly acceptable). After the survey ended, measured data were matched with the survey results. In total, 588 respondents filled out a survey (female respondents: 208; male respondents: 380). Figure 2 shows the pedestrian perception of outdoor environment questionnaire.


Figure 2. The questionnaire of pedestrian perception of outdoor environments.
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3. Data Analysis


3.1. Meteorological Data Statistics


Outdoor wind speed and air temperature were measured while conducting pedestrian surveys in two different locations. Each datum was recorded at 10 s internals, and the average wind speed and air temperature were calculated over one minute.



The average wind speed of the site is shown in Figure 3. The maximum transient wind speed was 10.51 m/s, and the overall average wind speed was 3.21 m/s with 1.85 standard deviation. The average wind speed is faster than the threshold wind speed according to the Lawson criterion. In the Lawson criterion, the frequency of exceedance to threshold wind speed is 37.78 percent (standing, casual walking or sitting short time) and 10.94 percent (strolling). In the NEN8100 criterion, the frequency of exceedance to threshold wind speed is 15.55 percent. In general, the wind speed of the site is faster than ordinary comfort wind conditions (2.0–2.5 m/s in winter).


Figure 3. The measured wind speed of the site.
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The average outdoor air temperature of the site is shown in Figure 4. At almost every moment of the measurement period, the air temperature fell below 0 °C. The range of the air temperature was a minimum −6.1 °C to a maximum 3.1 °C. In comparison with the distribution of outdoor wind speeds, the outdoor air temperature was evenly distributed. The standard deviation of the air temperature was 2.29.


Figure 4. The measured air temperature of the site.
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The WCET was calculated based on the measured wind speed and outdoor air temperature (Equation (1)). Figure 5 shows the calculated WCET (°C). The WCET would represent the perceived temperature of pedestrian by combining wind speed with air temperature. The average WCET was −5.79 °C, which is much lower than air temperature. Because of strong winds, pedestrians could perceive lower temperatures than the actual air temperature. The trend of the WCET was evenly distributed and the standard deviation of WCET was 3.94 °C. This means the perceived temperature could vary according to the wind speed.


Figure 5. The calculated WCET of the site.
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In winter, perceived temperatures could be much lower than air temperatures because of strong winds. Perceived temperatures could by 5 °C lower than the air temperatures depending on the wind speed. Therefore, it is necessary to consider the WCET as a pedestrian comfort parameter in winter conditions.




3.2. Survey of Pedestrian Comfort


Figure 6 and Figure 7 show the results of the rate of respondents of each comfort level. Figure 6 shows the result of pedestrian perceptions of wind environments which contains the wind speed as the only parameter. This represents the pedestrian perception based on the existing wind comfort criteria. Over 40 percent of respondents answered that they feel discomfort with the wind. Female respondents tend to feel discomfort more often than male respondents.


Figure 6. The result of pedestrian perceptions of wind environments.
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Figure 7. The results of the subjective perception of outdoor environments.
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Figure 7 shows the results of the subjective perception of outdoor environments which contain wind and air temperatures. This represents the comprehensive perception of the outdoor environment in winter. This is actual perception of pedestrians because they can feel discomfort by many parameters. Almost 50 percent of respondents answered that they feel discomfort at the square in winter. Particularly, the rate of clearly unacceptable feelings almost doubled in comparison with the rate of pedestrian perception of wind environments. Only 14.6 percent of respondents answered that they feel pleasant with regards the outdoor environment. Every respondent wore a heavy coat or parka, which are both very common garments in winter in South Korea (clothing value; clo 1.5–2.0; ISO 7730 standard). Although they were dressed warmly enough and with the appropriate clothes, almost every respondent confirmed that they felt discomfort. Pedestrians tend to feel more discomfort with lower air temperatures in winter conditions.



Figure 8 shows the result of the subjective wind perception vote of pedestrians. The X-axis shows air temperature and the Y-axis shows wind speed. The blue dotted line represents the threshold wind speed of the pedestrian wind comfort criterion of Lawson. The red curve and blue curve show the WCET line of TWC = −10 and TWC = 0, respectively. The three grey dotted curves show the WCET lines of TWC = −5, TWC = −3 and TWC = −2, respectively. These curves were illustrated in the graph to analyze the range of pedestrian discomfort.


Figure 8. Pedestrians who felt the conditions were: (a) clearly unacceptable; (b) just unacceptable; (c) just acceptable; and (d) clearly acceptable.
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Figure 8a shows the meteorological data of respondents who answered that they feel it is clearly unacceptable. In total, 115 respondents answered that the outdoor conditions are seen as clearly unacceptable. Ninety-eight percent of respondents answered that they feel discomfort when the wind speed is above 1.8 m/s (the threshold of wind speed of sitting conditions). Ninety-one percent of respondents who feel discomfort answered that they feel discomfort when the air temperature is below 0 °C. The average values of respondents who felt the situation to be “clearly unacceptable” were −1.4 °C air temperature and 3.3 m/s wind speed. This value is converted to WCET as −5.47 °C. All data were under WCET 0 °C. In total, 106 of 115 respondents answered that they feel discomfort when the WCET is below −3 °C. According to this result, we can conclude that pedestrians may feel discomfort when the WCET is under −3 °C.



Figure 8b shows the meteorological data of respondents who felt the situation to be “unacceptable”. In total, 195 respondents answered that the outdoor conditions were seen as “unacceptable”. The average values of respondents who said the conditions to be unacceptable were −0.9 °C air temperature and 3.1 m/s wind speed. This value is converted to WCET as −4.69 °C. Overally, 187 respondents belong to the zone where WCET is below −2 °C. Ninety-six percent of respondents who felt the situation to be merely unacceptable are included in this zone.



In general, pedestrians felt discomfort when the WCET is around −5 °C. The distribution charts in Figure 8a,b are quite similar. There were no huge differences in terms of meteorological data between respondents who answered that the conditions were either clearly unacceptable or just unacceptable. Respondents tend to confuse these two answers. Almost all respondents who answered unacceptable indicated that they feel discomfort when the wind speed is over 1.8 m/s and the air temperature is below 0 °C.



Figure 8c shows the meteorological data of respondents who answered with “acceptable”. The average value of respondents who answered just acceptable was −0.8 °C of air temperature and 2.4 m/s of wind speed. This value is converted to WCET as −3.87 °C. Almost all data were distributed under 3.6 m/s, which is the threshold wind speed of standing conditions of the Lawson criterion. There was no predominant characteristic of this figure. The meteorological data of respondents was distributed evenly between TWC = −10 and TWC = 0. In general, male respondents tend to answer that the conditions are acceptable.



Figure 8d shows the meteorological data of respondents who answered “clearly acceptable”. The average values of respondents who answered they feel the conditions “clearly acceptable” were −0.8 °C air temperature and 2.4 m/s wind speed. This value is converted to WCET as −2.22 °C. Respondents answered that conditions acceptable when the wind speed is below 1.8 m/s, which is the threshold wind speed of long time sitting of Lawson criterion. Almost all respondents who answered the conditions were acceptable indicated that they feel comfort when the WCET is over −2 °C.





4. Discussion


Pedestrians feel discomfort when strong winds occur. Furthermore, pedestrians could feel discomfort when the WCET is low, even though the pedestrian wind comfort criteria are fulfilled. Many big cities located at mid-latitudes have hot summers and cold winters. In these cases, pedestrians could feel discomfort when the weather is cold. How can we adopt these results when evaluating pedestrian comfort?



Figure 9 shows the results of pedestrian perceptions towards outdoor environments and those who indicated that they feel discomfort. In general, pedestrians feel discomfort when the WCET is low. The blue zone refers to the region between TWC = −10 and TWC = −3. Overall, 91.6 percent of respondents belong to this region. The orange zone refers to the region between TWC = −10 and TWC = −2. Overall, 96.5 percent of respondents belong to this region. If the threshold wind speed of pedestrian comfort criteria is modified to 1.8 m/s according to WCET in winter, over 90 percent of pedestrians could be covered by this region. Many pedestrians felt discomfort even though the wind speed was below the threshold wind speed. This graph suggests that the WCET could be more important in cold winters. Therefore, it is suggested that the threshold wind speed be changed to 1.8 m/s when the outdoor air temperature is below 0 °C. When evaluating outdoor wind comfort, the modified threshold wind speed needs to be lowered in winter, while the existing threshold wind speed should be applied in other seasons.


Figure 9. Comprehensive analysis of the result of pedestrian response and WCET.
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More studies are obviously needed to clarify this problem. To improve current pedestrian comfort criteria, we need to combine the concept of wind chill in winter with the existing pedestrian wind comfort criteria. By setting the standards of the WCET, the uncertainty of this suggestion could be clarified. The one thing we discovered from this study is that there are more pedestrians who feel discomfort even though the comfort criteria are fulfilled than many researchers perhaps expect. Therefore, the existing pedestrian comfort criteria could be improved by adopting this concept in winter conditions.




5. Conclusions


In this study, pedestrian wind comfort was investigated using pedestrian surveys. In the process of investigating pedestrian comfort, the concept of pedestrian wind comfort and WCET were considered. By analyzing the meteorological data and the results of the survey of pedestrian perception, we could confirm that many pedestrians feel discomfort, especially in winter. The results of this study are summarized as follows.

	(1)

	
In winter, pedestrians feel discomfort even at low wind speeds. This is due to the convective heat loss caused by the wind, and this wind chill should be reflected in the design of outdoor wind environments. Since only the mechanical effects of the wind are considered by existing criteria, there are limits in assessing the comfort of pedestrians in winter.




	(2)

	
The threshold wind speed of the winter season could be determined to be lower than that of existing comfort criteria. WCET could be an alternative parameter that improves pedestrian wind comfort.




	(3)

	
Almost all pedestrians feel discomfort when the WCET is below −3. Overall, 91.6 percent of respondents who answered they feel discomfort belong to this zone. If the threshold wind speed is modified with respect to WCET in winter, the pedestrian comfort can be improved.









When outdoor wind environments are designed by applying the same threshold wind speed every year, pedestrians come to feel the discomfort caused by the wind chill in winter. It is expected that the adoption of the WCET proposed in this study makes it possible to improve the existing wind comfort criteria by adjusting the reference wind speed, thus helping to prevent discomfort caused by the wind in winter.
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