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Abstract: The outdoor wind comfort is important for evaluations of the urban wind environment.
The existing wind comfort criteria are based on the correlations between wind parameters, human
activity levels, and wind comfort level categories. These criteria vary among different climates
and regions, and they are influenced by meteorological parameters and human wind adaptation.
In this study, an outdoor wind comfort questionnaire survey was conducted and meteorological
measurements were collected in Xi’an, which is located in the cold region of China. The square and
lake side were chosen as the test sites. The mean wind sensation vote (MWSV) and wind speed
of neutral wind sensation were used as indexes to analyze the correlation between outdoor wind
comfort and human wind adaptation. The results showed that the wind sensation level was generally
moderate. At −1 < MWSV < 1, the fluctuations in the wind speed had little effect on the wind
sensation, but when MWSV > 1 or MWSV < −1, the degree of discomfort increased as the absolute
value of MWSV increased. When the wind speed exceeded 1 m/s, the amount of clothing insulation
was greatly increased. The metabolic rate fluctuated between 1.5 met and 2 met. Expectations that
the wind speed in the winter would be less than 1.05 m/s were greater than expectations that the
wind speed would be more than 1.05 m/s in the summer, and people generally adapted to a low
wind environment with wind speeds below 1 m/s. The acceptable wind ranges for more than 90% of
participants at the square and lake side were (0 m/s, 2.02 m/s) and (0.01 m/s, 2.86 m/s). This study
provides support for the revision of outdoor wind comfort standards and a methodological basis for
outdoor wind comfort research at the same latitude throughout the world.

Keywords: cold region; meteorological environment; outdoor wind comfort; wind adaptation

1. Introduction

The urban wind environment is an important part of urban ecosystems. It is very
useful to study the effects of wind on mitigating the urban heat island phenomenon,
dispersing gaseous pollutants, and the outdoor wind comfort of pedestrians, and thus
the outdoor wind comfort is an important indicator of a livable city. Studying the wind
comfort and wind adaptation is highly significant for revising wind comfort standards and
constructing livable cities [1–4].

Research on wind comfort dates back to the 1970s. Relatively famous researchers
include Isyumov and Davenport [5], Hunt et al. [6], Melbourne [7], Murakami et al. [8],
Durgin [9] etc. Among them, Isyumov and Davenport established a full-scale mean wind
speed model in the outdoor square, and compared it with the wind tunnel model, and
concluded that the two models had 10% consistency. Through wind tunnel experiment,
Hunt et al established the influence of what kinds of wind speed, gustiness and variation of
wind speed on people’s activities of different intensity. By studying the correlation between
peak gust wind speed and mean wind speed, Melbourne proposed the occurrence frequency
of average wind speed as an indicator of wind environment assessment. Murakami et al.
Through a study of the correlation between local residents’ subjective feelings, wind-
induced troubles and wind speed, the evaluation index of acceptable Wind frequency was
proposed. Durgin summarized the previous Wind comfort Criteria and defined Equivalent
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Average Wind speed as the Wind speed indicator to obtain a new Wind comfort criteria.
As the Computational Fluid dynamics (CFD) simulation method matures, more and more
researchers use methods and models in CFD to study wind environment. Hong et al. [10]
employed an air model in Simulation Platform for Outdoor Thermal Environment (SPOTE),
which employed a Standard K-ε model, to analyze the wind effect of urban vegetations;
Jacob and Sagaut [11] operated a Large-eddy simulations based on the Lattice-Boltzmann
method and compared with several traditional wind comfort criteria.

The wind comfort Criteria proposed by these studies have the following similarities:
Categories of people’s activity and wind speed are commonly used. For people’s activity,
there are long periods of standing or sitting, short periods of standing or sitting and walking
and for wind speed are, e.g., comfortable, uncomfortable, dangerous or unacceptable, which
is based on the human body’s reaction to the wind environment. Peak gust wind speed)
and statistic values (e.g., mean wind speed) is the main focus, which is used to make
predictions of the occurrence probability of the former by summarizing the range and
frequency of the latter.

Apart from the existing wind comfort criteria, recent studies have found that wind
comfort differs a lot in various climate zones. For example, the wind chill effect is extra
stressed in researches in severely cold regions, which means wind could strengthen the
discomfort of "freezing" or even cause frostbite [12–15]. In hot and Humid regions, due
to high air temperatures and high relative humidity, when the wind speed is two low or
two high, this discomfort of “sweltering” or “burning” [16–18]. These studies showed that
the meteorological parameters in different climate zones, such as air temperature, have an
influence on the wind comfort and wind adaptation in humans.

According to the above literature review, authors are inspired to make a research
combining subjective wind comfort survey and objective meteorological measurement.
The purpose are given below: (1) Xi’an City located in the middle of Guan Zhong Basin
in China was selected as the survey site, where the variation of wind speed has long
periodicity [17], the actual wind speed can be best reflected by the average wind speed in a
short period of time their surroundings. (2) Meteorological measurement can give a better
description to the objective physical environment with relatively simple data acquisition
and collation process. The main aims of this study were to investigate the wind comfort and
wind adaptation in this region, and to examine the relationships between meteorological
parameters and subjective perceptions of the wind environment.

2. Materials and Methods
2.1. Research Site

Xi’an (34.26◦ N, 108.65◦ E) is the capital city of the northwest province in China and it
is located in a cold region (Figure 1). The research site is the Scientific and Technological
Innovation Harbor in Western China, which is located in the periphery of the urban area.
The annual mean wind speed in Xi’an is about 2 m/s, and the wind speed is lower in
autumn and winter than in spring and summer [17]. According to typical features and
frequency of space usage, two test sites were selected comprising the square and lake side
(Figure 2). The features of these outdoor physical spaces are described in Table 1.

Table 1. Features of outdoor physical spaces at each site.

Number Name Features

A Square Granite square brick floor,
open space, no vegetation

B Lake side
Granite square brick floor,
open space, near the water,
small amount of vegetation
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Figure 2. Research site and the test locations. (A) Square, (B) Lake side.

2.2. Questionnaire Design

The questionnaire contains three parts: (1) Basic information. The basic information
collected for the subjects comprised their age, gender, nation, education level, profession,
monthly profit, health conditions et al. (2) Outdoor wind perception data. The questions
are as follows: (A) What do you think of the wind speed now? (B) Do you think the
current wind environment is comfortable? (C) How would you like the wind speed to
change now? The corresponding evaluation indexes are wind sensation vote (WSV), wind
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comfort vote (WCV), and wind expectation vote. WSV was scored using the ASHRAE
standard seven-point scale (−3 = very high, −2 = high, −1 = slightly high, 0 = moderate,
1 = slightly low, 2 = low, 3 = very low). WCV was also scored using a seven-point scale
(−3 = very uncomfortable, −2 = uncomfortable, −1 = slightly uncomfortable, 0 = moderate,
1 = slightly comfortable, 2 = comfortable, 3 = very comfortable). The wind expectation vote
was scored using a three-point scale (−1 = higher, 0 = unchanged, 1 = lower). (3) Investiga-
tion environment. The investigator records the survey location, survey time, movement
status and dress according to the actual situation, and records the air temperature, humidity,
wind speed, global radiation of the current environment according to the measurement
instrument. The dress and movement status were converted into clothing insulation and
the metabolic rate according to ASHRAE 55-2017 [18].

2.3. Subjects

The survey began in August 2020 and ended in January 2021, and a total of 838 valid
questionnaires were collected, of which 327 were collected at Square and 511 at Lake
side (Table 2). Subjects were mainly students and teachers, which accounted for 94.51%
and 4.42%, respectively. The age distribution was mainly concentrated in the age group
of 21–25 years old (81.03%). The gender situation showed that there were more males,
but there was no significant difference between males and females. The subjects have a
relatively high level of education: 81.49% have a master’s degree or above, and 12.4% have
a doctoral degree or above. Their monthly income is generally low and they are healthy.

Table 2. Basic Information of the Subjects.

Categories Details

Site
Square Lake side
39.02% 60.98%

Gender
Male Female

54.53% 45.47%

Age 20 years old below 21–25 years old 26–30 years old 30 years old and
above

3.34% 81.03% 12.77% 2.86%

Nation
Han nationality Minority

93.08% 6.92%

Profession
Worker (Blue

collar) Students Teachers Others

0.36% 94.51% 4.42% 0.72%

Educational level
Junior college Undergraduate

and above

Master degree
candidate and

above

PhD candidate and
above

0.36% 7.40% 78.64% 13.60%

Monthly profit Zero 1500 yuan and
below 1501–6500 yuan 6501–10,000 yuan 10,000 yuan and

above
0.48% 74.94% 18.74% 2.63% 3.22%

Health
Healthy Generally healthy Not healthy
84.61% 14.80% 0.60%

2.4. Meteorological Measurements

Outdoor micrometeorological parameters comprising the air temperature, relative
humidity, mean wind speed, and solar radiation were recorded simultaneously when
the questionnaire surveys were conducted. The instruments were all positioned 1.5 m
above the ground, within 5 meters of the subject. In order to exclude the influence of
chance factors, for each group of tests, the test was repeated at least 10 times during the
questionnaire survey, and the average was taken as the test result of this group. Rainy
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or snowy weather was avoided when the questionnaire surveys were conducted. All
instruments were compliant with ISO 7726 standard [19] (Table 3).

Table 3. Details of sensors used to measure meteorological parameters.

Parameters Sensor Range Accuracy

Air temperature JT2020 multi-function tester
(temperature and humidity sensor)

−20 ◦C to 125 ◦C ± 0.5 ◦C
Relative humidity 0–100% ± 3%

Wind speed JT2020 omnidirectional wind
speed sensor 0.05–5 m/s ±0.05 m/s

Solar radiation TES solar power meter 0–2000 W/m2 ±10 W/m2

2.5. Procedures

The mean WSV (MWSV) and mean WCV (MWCV) were used to measure the per-
ceived wind comfort level. When MWSV ranged from −1 and 1, the wind was perceived
as moderate. The wind was perceived as high when MWSV was below −1 and low when
above 1. Similarly, when MWCV was between 2 and 3, the wind was considered comfort-
able. When MWCV was between −3 and −2, the wind was unacceptable. The wind was
considered uncomfortable but acceptable in other cases.

The wind speed that was not considered high or low was defined as the neutral wind
speed (Vn). A curve was fitted between the MWSV and wind speed to determine their
relationship, and Vn was obtained as the wind speed at which MWSV was zero. The Vn
values were used to determine how the perception of wind changed among the seasons.

3. Results
3.1. Data

The data of wind speed (Va), air temperature (Ta), relative humidity (RH) and solar
radiation (G) are listed below (Table 4). The square has higher mean temperature, lower
relative humidity, higher mean solar radiation and higher mean wind speed than the pool
side, and the standard deviation of data is close.

Table 4. Data of meteorological parameters.

Meteorological
Parameters

Square Lake Side

Range Average Standard
Deviation Range Average Standard

Deviation

Ta (◦C) [0.9, 37.3] 21.6 7.47 [7.1, 31.3] 19.4 7.84
RH (%) [16, 80] 44 19.65 [19, 81] 49 19.22

Va (m/s) [0.38, 4.75] 1.35 0.99 [0.10, 2.93] 0.85 0.83
G (W/m2) [0.1, 654.3] 309.8 168.45 [0.1, 872.0] 244.0 213.49

We calculated the mean wind speed about each research day to simplify the question
(Figure 3). According to the Beaufort wind scale, 74.4% of the wind speed values were at
scale 1 (0.30 to 1.49 m/s), while 12.8% were at scale 0 (0 m/s to 0.29 m/s), and the remainder
at scale 2 (1.50 to 3.29 m/s, 5.1%) and scale 3 (3.30 m/s to 5.39 m/s, 7.7%). The wind speed
did not change significantly during the survey period, excluding fluctuations on a few days.
In the square, the wind speed ranged from 0.38 to 4.75 m/s, with an average of 1.35 m/s.
At the lake side, the wind speed ranged from 0.10 to 2.93 m/s, with an average of 0.85 m/s.
The overall wind speed was higher in the square than at the lake side.
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Figure 3. Mean wind speeds measurement.

3.2. Wind Comfort
3.2.1. WSV and WCV

The distributions of WSV (Figure 4) and WCV (Figure 5) at each site and the overall
results were as follows. The WSV was mainly scored as “slightly high”, “moderate”, and
“slightly low” (80.19%). In addition, 8.47% of the subjects felt that the wind speed was
“high” or “very high” (WSV = 2, −3), whereas 11.34% felt that it was “low” or “very
low” (WSV = 2, 3), with a difference of only 2.87%. These results indicate that the overall
wind sensation followed a balanced distribution. The combined percentage of votes for
“low” and “very low” was 12.33% in the square, and 9.20% for “high” and “very high,”
and both of these percentages were greater than those at the lake side, i.e., 9.79% and
6.34%, respectively.
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Most of the subjects (69.93%) considered that the wind speed was acceptable
(WCV = −1, 0, 1). More subjects considered that the wind speed was comfortable
(WCV = 2, 3; 22.32%) than unacceptable (WCV = −2, −3; 7.75%). Moreover, the pro-
portions who considered that the wind speed was “comfortable” or “very comfortable”
(24.26%) and as “uncomfortable” or “very uncomfortable” (9.20%) were both greater at the
lake side than in the square (19.27% and 5.50%, respectively).

The MWSV and MWCV values in each research date were plotted to analyze the
relationships between WSV and WCV, and their effects on the acceptability of the outdoor
climate among the subjects (Figures 6 and 7). When the MWSV ranged between −1 and 1,
the MWCV values at both sites were generally above 0. However, when MWSV was above
1 or below −1, the wind comfort decreased regardless of whether the wind was perceived
as higher or lower.
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3.2.2. Wind Acceptability Range

The wind acceptability range is an important component of wind comfort criteria,
especially in extreme conditions [20]. In this study, the wind was considered unacceptable
when WCV was less than −1 (slightly uncomfortable). The percentage of unacceptable
votes in total WCV was calculated for wind acceptability range. The correlations between
the wind speed and percentage of unacceptable wind votes at the two sites are shown in
Figure 8. Based on previous studies, the threshold for wind unacceptability was set as 10%,
the wind acceptability range is a set of wind speed that falls within the threshold [21,22].
Thus, the acceptable wind speed ranges in the square and at the lake side were determined
as (0 m/s, 2.02 m/s) and (0.01 m/s, 2.86 m/s), respectively.
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3.2.3. Vn in Different Seasons

In Xi’an, the transition season from summer to autumn occurs in August and October,
and the transition from autumn to winter occurs in November, December, and January.
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Thus, the data were categorized according to four groups: (I) square in August and October;
(II) square in November, December, and January; (III) lake side in August and October; (IV)
lake side in November and December. The average air temperatures in the four groups
were 24.83 ◦C, 15.03 ◦C, 25.50 ◦C, and 14.60 ◦C, and the ranges were [19.1 ◦C, 37.3 ◦C],
[0.9 ◦C, 28.6 ◦C], [19.1 ◦C, 31.3 ◦C], [7.1 ◦C, 29.3 ◦C], respectively. The daily average wind
speed and corresponding MWSV are shown in Figure 9. The relationships between the
MWSV and mean wind speed are presented in Equations (I–IV).
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Figure 9. Correlations between MWSV and mean wind speed (Va).

MWSV = −1.215 × Va + 1.430 (R2 = 0.738) (1)

MWSV = −0.418 × Va + 0.398 (R2 = 0.645) (2)

MWSV = −0.855 × Va + 0.942 (R2 = 0.848) (3)

MWSV = −1.055 × Va + 0.746 (R2 = 0.708) (4)

After substituting MWSV = 0 into each of the equations above, the corresponding
wind speed value was recorded as the neutral wind speed (Vn). The Vn values for groups I,
II, III, and IV were determined as 1.18 m/s, 0.95 m/s, 1.10 m/s, and 0.71 m/s, respectively.
From late summer to early winter, Vn decreased at the two sites. The absolute value of
the slope was significantly smaller in group II (0.418) than the other three groups, and the
absolute value of the slope was 0.360 greater in group I (1.215) than group III (0.855). Thus,
Vn decreased with the air temperature, and at the same wind speed, the MWSV changed
more at the lake side (corresponding to groups II and IV) than in the square.

3.3. Meteorological Parameters and Wind Sensation

Partial correlation analysis was conducted to capture the relationships between the
micrometeorological parameters and wind sensation. Other variables were controlled
during partial correlation analysis to eliminate their effects.

The wind speed was selected as the main parameter and the air temperature, relative
humidity, and solar radiation were the secondary parameters. The partial correlation
analysis results are shown in Table 5. Only the air temperature had a negative correlation
with the MWSV in the square. The relationships between each of the parameters and the
MWSV were all stronger in the square than at the lake side. Solar radiation had the greatest
influence on the wind sensation in the square and the air temperature had the greatest effect
at the lake side. The features of the physical spaces at the two sites affected the significance
of the relationships between the MWSV and each parameter.
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Table 5. Partial correlation significance and coefficients between TSV and different meteorological
parameters in different seasons.

MWSV
Wind Speed Air Temperature Relative Humidity Solar Radiation

p R p R p R p R

A: Square 0.008 * −0.775 0.372 −0.317 0.247 0.404 0.219 0.427
B: Lake side 0.000 ** −0.896 0.465 0.234 0.553 0.191 0.641 0.150

* p = 0.05, ** p = 0.001.

3.4. Wind Adaptation

Wind adaptation can be categorized as physiological adaptation, psychological adap-
tation, and behavioral adaptation. The data obtained from the questionnaire survey were
sued to study the effects of behavioral wind adaptation and psychological wind adaptation
on the wind comfort.

3.4.1. Behavioral Adaptation

Behavioral adaptation refers to the adjustments people make through activities or
clothing to maintain the balance between the wind perceived on the surface of their body
and the external wind environment [23]. The metabolic rate, clothing insulation, and mean
wind speed at the two sites are presented in Figures 10 and 11. The average metabolic
rate at each site fluctuated between 1.5 met and 2 met. In the square from 10 August
to 10 November 2020, the clothing insulation increased from 0.4 clo in the summer to
1 clo in the autumn. From 10 November 2020 to 8 January 2021, clothing insulation also
increased from 0.92 clo to 2.29 clo as the wind speed increased. At the lake side, clothing
insulation increased from 1.09 clo to 1.96 clo when the wind speed increased from 0.1 m/s
to 1.5 m/s. These findings suggest that in the winter as the wind speed increases, people
will wear more clothes to protect them from the cold wind, and their metabolic rate have
no significant changes.
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Figure 10. Metabolic rate, clothing insulation, and average wind speed in the square.
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Figure 11. Metabolic rate, clothing insulation, and average wind speed at the lake side.

3.4.2. Psychological Adaptation

Psychological adaptation refers to the decrease in an evoked sensation’s intensity after
repeated or periodic exposure to an environmental stressor [18]. The wind expectations of
the four groups (see in Part 3.2.3) in each 0.3 m/s wind speed bin are shown in Figure 12.
When the wind speed was ≥1.05 m/s, 50% of the subjects in group II want the wind speed
to be “lower”, but it is only 25% in group I, i.e., half that in group II. When the wind
speed was around 0.75 m/s, only 2% of the subjects in group II want the wind speed to be
“higher”, which was significantly lower than that in group I (26%). When the wind speed
was around 0.15 m/s, 45% of the subjects in group III want the wind speed to be “higher”,
but only 14% in group IV want it. The difference among people’s expectation under the
same wind speed indicates that people is more adapted to high wind speed in Summer,
and more adapted to low wind speed in Winter.
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Figure 12. Wind expectations in groups I, II, III, and IV. (I) Square in August and October. (II) Square
in November, December, and January. (III) Lake side in August and October. (IV) Lake side in
November and December.

4. Discussion

According to the Results, the overall wind environment in the study cites are stable in
most of the research period, differences of the subjective wind perception (namely, wind
sensation vote, wind comfort vote and wind expectation) between the two test cites (namely,
square and lake side) are mainly caused by other meteorological parameters, especially air
temperature and solar radiation. However, meteorological parameters are rarely consider-
ing among conventional criteria, thus it is necessary to verify the reliability and validity
of the results. We have taken similar studies in different regions for comparation. Harbin,
located in severe cold region, and Hong Kong, located in hot and humid region, were
chosen to compare with Xi’an.

As for the wind comfort in severe cold region in winter, Harbin was chosen as the
research city. Shui et al. had proposed a new wind comfort criteria for cities in severe cold
areas [20]. In winter, when air temperature is below 0 ◦C and wind speed is above 5 m/s, it
is likely to have a chance of frostbite. According to Xin et al. [21], the thermal sensation
vote (TSV) was lower in windy conditions compared with wind-free conditions at the
same temperature level, and the influence of the wind increased as the air temperature
also increased. In this study, the overall air temperature is above 0 ◦C and the wind speed
below 5 m/s, the wind sensation of the same wind speed in different air temperature is
almost the same.

In hot and humid regions, the combination between wind speed and other meteoro-
logical parameters matters, especially under extremely high air temperature. Hong Kong
was selected for comparation. Du et al [22] had developed a new criteria for wind comfort
in hot and humid region. When the wind speed is below 1.5 m/s and the air temperature
is above 30 ◦C, it is regarded to be unacceptable. As for the thermal sensation, when the
air temperature is less than 30 ◦C during the summer in Hong Kong, a wind speed greater
than 2.1 m/s will reduce the TSV caused by solar radiation, but higher wind speeds will
exacerbate discomfort when the air temperature exceeds 32 ◦C [16]. While in this study,
due to less solar radiation wind speed below 1.5 m/s is still within wind acceptable range,
even when the air temperature is above 30 ◦C.

Comparisons of these cities indicate that People in different climatic zones have biased
subjective feelings at the same wind speed. The air temperature had a very important effect
in the severely cold region, but solar radiation had a greater impact in the hot and humid
region. However, there is no clear evidence that relative humidity has a great effect on the
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wind comfort. As for Xi’an, all the above factors have played a role in affecting people’s
wind perception, but none of them appeared to be significantly correlated to it.

5. Conclusions

In this study, a questionnaire survey was conducted to assess the wind comfort in
Xi’an and meteorological measurements were also collected. This study aimed to enhance
our understanding of the outdoor wind comfort in a cold region of China. The following
conclusions can be made based on the results and comparisons with previous studies.

(1) In general, the wind sensation was moderate in this study, where more people
considered that the wind speed was “low” (11.34%) compared with those who assessed it
as “high” (8.47%). The wind comfort varied as the wind sensation changed at the different
test sites. When the WSV ranged between −1 and 1, the wind comfort fluctuated above 1.
When WSV was above 1 or below −1, the WCV and degree of wind discomfort were lower.

(2) Seasonal differences were found in wind adaptation among the study subjects.
When the wind speed fluctuated within 1 m/s, the clothing insulation increased from
0.4 clo in the summer to 1 clo in the autumn. In addition, the clothing insulation increased
to more than 1.5 clo when the wind speed exceeded 1 m/s in the winter. The expectations
of wind speeds to be less than 1.05 m/s were greater in the winter than in the summer. Our
results indicate that people are more adapted to high wind speed in Summer, and more
adapted to low wind speed in Winter.

(3) The acceptable wind ranges for more than 90% of the subjects were (0 m/s,
2.02 m/s) in the square and (0.01 m/s, 2.86 m/s) at the lake side. The Vn values for
groups I, II, III, and IV were 1.18 m/s, 0.95 m/s, 1.10 m/s, and 0.71 m/s, respectively. The
Vn value decreased as the air temperature decreased.

Author Contributions: Z.C. wrote the paper. M.Z. designed experiment and conducted the question-
naire survey. R.Z. modified the paper. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by an NSFC General Project (grant number 51808440), the
China Postdoctoral Science Foundation (grant number 2021M692564), and the Opening Fund of Key
Laboratory of Interactive Media Design and Equipment Service Innovation, Ministry of Culture and
Tourism (grant number 20205).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

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

References
1. Zhang, D.; Guo, X.; Xiao, L. Suggestion and Guidance to Urban Planning of Xi’an Metropolitan Area Based on Urban Climate

Analysis. In Proceedings of the 6th International Symposium of Asia Institute of Urban Environment: Energy Conservation and
Carbon off in Asia City, Changchun, China, 20 September 2009; pp. 503–507.

2. Kim, H.; Macdonald, E. Measuring the effectiveness of San Francisco’s planning standard for pedestrian wind comfort. Int. J.
Sustain. Dev. World Ecol. 2017, 24, 502–511. [CrossRef]

3. Adamek, K.; Vasan, N.; Elshaer, A.; English, E.; Bitsuamlak, G. Pedestrian level wind assessment through city development: A
study of the financial district in Toronto. Sustain. Cities Soc. 2017, 35, 178–190. [CrossRef]

4. Willemsen, E.; Wisse, J.A. Design for wind comfort in The Netherlands: Procedures, criteria and open research issues. J. Wind Eng.
Ind. Aerodyn. 2007, 95, 1541–1550. [CrossRef]

5. Isyumov, N.; Davenport, A. Comparison of full-scale and wind tunnel wind speed measurements in the commerce court plaza. J.
Wind Eng. Ind. Aerodyn. 1975, 1, 201–212. [CrossRef]

6. Hunt, J.; Poulton, E.; Mumford, J. The effects of wind on people; New criteria based on wind tunnel experiments. Build. Environ.
1976, 11, 15–28. [CrossRef]

7. Melbourne, W. Criteria for environmental wind conditions. J. Wind Eng. Ind. Aerodyn. 1978, 3, 241–249. [CrossRef]
8. Murakami, S.; Iwasa, Y.; Morikawa, Y. Study on acceptable criteria for assessing wind environment at ground level based on

residents’ diaries. J. Wind Eng. Ind. Aerodyn. 1986, 24, 1–18. [CrossRef]

http://doi.org/10.1080/13504509.2016.1232319
http://doi.org/10.1016/j.scs.2017.06.004
http://doi.org/10.1016/j.jweia.2007.02.006
http://doi.org/10.1016/0167-6105(75)90014-8
http://doi.org/10.1016/0360-1323(76)90015-9
http://doi.org/10.1016/0167-6105(78)90013-2
http://doi.org/10.1016/0167-6105(86)90069-3


Buildings 2022, 12, 476 14 of 14

9. Durgin, F.H. Pedestrian level wind criteria using the equivalent average. J. Wind Eng. Ind. Aerodyn. 1997, 66, 215–226. [CrossRef]
10. Bo, H.; Borong, L. Numerical studies of the outdoor wind environment and thermal comfort at pedestrian level in housing blocks

with different building layout patterns and trees arrangement. Renew. Energy 2015, 73, 18–27.
11. Jacob, J.; Sagaut, P. Wind comfort assessment by means of large eddy simulation with lattice Boltzmann method in full scale city

area. Build. Environ. 2018, 139, 110–124. [CrossRef]
12. Nina, K. Stochastic Model of Spatial Fields of the Average Daily Wind Chill Index. Information 2020, 11, 177. [CrossRef]
13. Chen, X.; Gao, L.; Xue, P.; Du, J.; Liu, J. Investigation of outdoor thermal sensation and comfort evaluation methods in severe cold

area. Sci. Total Environ. 2020, 749, 141520. [CrossRef] [PubMed]
14. Jin, H.; Liu, S.; Kang, J. The Thermal Comfort of Urban Pedestrian Street in the Severe Cold Area of Northeast China. Energy

Procedia 2017, 134, 741–748. [CrossRef]
15. Xie, Y.; Liu, J.; Huang, T.; Li, J.; Niu, J.; Mak, C.M.; Lee, T.-C. Outdoor thermal sensation and logistic regression analysis of comfort

range of meteorological parameters in Hong Kong. Build. Environ. 2019, 155, 175–186. [CrossRef]
16. Du, Y.; Mak, C.M. Improving pedestrian level low wind velocity environment in high-density cities: A general framework and

case study. Sustain. Cities Soc. 2018, 42, 314–324. [CrossRef] [PubMed]
17. Hu, W.; Cai, X.; Song, Y.; Kang, L. Analysis of near ground wind field and atmospheric transport characteristics of Guanzhong

Basin. Clim. Environ. Res. 2020, 25, 637–648.
18. ASHRAE. ASHRAE Standard 55-2017; Thermal Environmental Conditions for Human Occupancy. American Society of Heating,

Refrigerating and Air-Conditioning Engineering: Atlanta, GA, USA, 2017.
19. ISO. International Standard 7726:1998; Ergonomics of the Thermal Environment—Instruments for Measuring Physical Quantities.

International Standards Organization: Geneva, Switzerland, 1998.
20. Shui, T.; Liu, J.; Yuan, Q.; Qu, Y.; Jin, H.; Cao, J.; Liu, L.; Chen, X. Assessment of pedestrian-level wind conditions in severe cold

regions of China. Build. Environ. 2018, 135, 53–67. [CrossRef]
21. Chen, X.; Xue, P.; Liu, L.; Gao, L.; Liu, J. Outdoor thermal comfort and adaptation in severe cold area: A longitudinal survey in

Harbin, China. Build. Environ. 2018, 143, 548–560. [CrossRef]
22. Du, Y.; Mak, C.M.; Kwok, K.; Tse, K.-T.; Lee, T.-C.; Ai, Z.; Liu, A.J.; Niu, J. New criteria for assessing low wind environment at

pedestrian level in Hong Kong. Build. Environ. 2017, 123, 23–36. [CrossRef]
23. Brager, G.S.; de Dear, R.J. Thermal adaptation in the built environment: A literature review. Energy Build. 1998, 27, 83–96.

[CrossRef]

http://doi.org/10.1016/S0167-6105(97)00130-X
http://doi.org/10.1016/j.buildenv.2018.05.015
http://doi.org/10.3390/info11040177
http://doi.org/10.1016/j.scitotenv.2020.141520
http://www.ncbi.nlm.nih.gov/pubmed/32827818
http://doi.org/10.1016/j.egypro.2017.09.571
http://doi.org/10.1016/j.buildenv.2019.03.035
http://doi.org/10.1016/j.scs.2018.08.001
http://www.ncbi.nlm.nih.gov/pubmed/32288991
http://doi.org/10.1016/j.buildenv.2018.03.006
http://doi.org/10.1016/j.buildenv.2018.07.041
http://doi.org/10.1016/j.buildenv.2017.06.036
http://doi.org/10.1016/S0378-7788(97)00053-4

	Introduction 
	Materials and Methods 
	Research Site 
	Questionnaire Design 
	Subjects 
	Meteorological Measurements 
	Procedures 

	Results 
	Data 
	Wind Comfort 
	WSV and WCV 
	Wind Acceptability Range 
	Vn in Different Seasons 

	Meteorological Parameters and Wind Sensation 
	Wind Adaptation 
	Behavioral Adaptation 
	Psychological Adaptation 


	Discussion 
	Conclusions 
	References

