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Abstract: This study investigates the differences in outdoor thermal comfort in different spatial
types over long-term observations during the transition season in a cold region. Using the Universal
Thermal Climate Index (UTCI) as an evaluation index, subjective questionnaires and field surveys
were conducted on thermal comfort in three different typical outdoor environments (sunlight, tree
shade and building shade) in Dalian (Northeast China). The results demonstrated the following:
(1) Air temperature and mean radiant temperature were the dominant meteorological factors
affecting outdoor thermal comfort in Dalian. (2) The main thermal sensation recorded in the
transition season was “slightly cool”. Over time, the human thermal sensation experienced a
gradual transition from “hot” to “cold”. (3) Compared with direct sunlight, the average UTCI
decreased by 6.6 and 3.5 ◦C for building shade and tree shade environments, and the neutral UTCI
in Dalian was found to be 18.8 ◦C. Subjects were most sensitive to the thermal environment in
building shade, then in tree shade and the least in sunlight. (4) When UTCI ≥ 21.9 ◦C, the thermal
acceptability rate in building shade remained the highest; when 10.2 ◦C ≤ UTCI < 21.9 ◦C, it was
highest in tree shade; and when the UTCI < 10.2 ◦C, it was highest in sunlight. This study verifies
the UTCI applicability in the transition season in cold regions and analyzes the spatial differences
in human thermal comfort. These differences play a positive role in developing optimization
strategies for outdoor thermal environments, improving environmental satisfaction and facilitating
pedestrian outdoor activities.

Keywords: cold region; transitional season; outdoor thermal comfort; universal thermal climate
index (UTCI); spatial differences

1. Introduction

Rapid urbanization and global warming have led to a series of urban issues related
to the environment, such as the urban heat island effect, air quality deterioration and
increases in building energy consumption [1,2]. These environmental problems not only
affect indoor and outdoor thermal environmental qualities, but also lead to a significant
increase in the human discomfort index, which in turn affects people’s lifestyles, causes
health risk problems and has caused huge social and economic losses [3,4]. Outdoor
public spaces are important places in which people gather, communicate and participate
in activities, and thermal comfort is the most important environmental factor affecting
people’s participation in outdoor activities [2,5]. Knez and Thorsson [6] showed that when
thermal comfort level was within the acceptable range, people tended to stay outdoors
for about 19–21 min longer; when thermal comfort level was not within the acceptable
range, they stayed about 11 min shorter. In addition, increased outdoor activity time can
significantly improve life satisfaction and health [7] and effectively reduce building energy
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consumption for air conditioning and artificial lighting [8]. Therefore, understanding
outdoor thermal comfort is essential for designing livable public spaces and enhancing
urban vitality.

In recent years, outdoor thermal comfort research has garnered extensive attention
worldwide [9–11]. However, compared to a great number of indoor thermal environment
studies, the thermal comfort of outdoor spaces is still relatively unknown [12,13]. This
is partly due to the fact that people exhibit rich and variable thermal experiences and
thermal expectations in outdoor spaces in different seasons compared to stable indoor
thermal environments [14,15]. Table 1 summarizes various research on outdoor thermal
comfort under different climatic conditions over the last decade [9,15–28]. Currently, most
investigations have focused on summer (stable high temperatures) and winter (stable low
temperatures) when the changes in weather are relatively smooth, or on all seasons. For
example, Jin et al. [15] conducted a one-year on-site survey in Harbin (1 day for each
season) and found that people’s preference for thermal comfort varied seasonally. However,
limited targeted research has focused on the transitional seasons, which have the greatest
variability in weather during the year. During the transition seasons in areas with distinct
seasons, people tend to spend more time in outdoor public spaces due to mild weather
conditions. In addition, the transition seasons are at a critical turning juncture in the
seasons. People acclimatize to heat in the summer and cold in winter and readjust through
acclimatization during the transition seasons between winter and summer [29] when
outdoor thermal comfort is usually between acceptable and unacceptable. Compared with
other seasons, climate parameters fluctuate more during different times of the transition
seasons and people’s feelings of warm and cold change dramatically and are more sensitive
to temperature changes [29–31]. Therefore, the transition seasons are seasons where the
outdoor thermal environment is dynamically changing and more elastic, and it is necessary
to conduct long-term investigations into outdoor thermal comfort in the transition seasons
to improve thermal comfort and extend outdoor activity times.

Table 1. Review of thermal comfort research in different regions.

Region Climate Season Measurement Time Thermal Comfort Index

Damascus, Syria [16] BWk Summer, winter 7 days in summer,
8 days in winter PET

Athens, Greece [17] Csa Summer, autumn,
winter 2 days per season UTCI

Crete, Greece [18] Cfa Hot and cold season 1 day per season PET/PMV/WBGT/ SET

Shanghai, China [9] Cfa Autumn, winter 2 days in autumn,
3 days in winter PET

Vitória, Brazil [19] Aw Spring, summer, winter 2 days per season PET
Mendoza, Argentina [20] BWk Summer, winter 3 days per season -

Teheran, Iran [21] Csa Winter 5 days -

Groningen, Netherlands [22] Cfb Spring, summer 2 days in spring,
3 days in summer PET

Xi’an, China [23] Cwa/BSK Winter 3 days UTCI/PET

Beer Sheva, Israel [24] Bsh Summer, winter 10 days in summer,
3 days in winter PET

Harbin, China [15] Dwa All year 1 day per season UTCI
Anatolia, Turkey [25] BSk Summer 2 days PET

Harbin, China [24] Dwa Spring, autumn, winter 1 day per season UTCI
Ahvaz, Iran [26] BWh Summer 6 days PET

Roorkee, India [27] Cfa Summer 1 days PET
Xi’an, China [28] Cwa/BSK Spring, summer, winter 3 days per season PET

Thermal comfort in outdoor spaces is impacted by many factors. Of these, meteoro-
logical factors (e.g., temperature, humidity, solar radiation and wind speed) are the most
influential affecting factors [28,32], and people’s thermal sensations in different regions are
affected by meteorological parameters to different degrees [4]. For example, Lai et al. [33]
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found that air temperature was the main factor affecting thermal sensation in Tianjin
(cold region), followed by solar radiation and relative humidity. In severely cold regions,
Yin et al. [4] found that outdoor thermal sensation votes positively correlated with air
temperature and globe temperature and negatively correlated with wind speed. Air
temperature and solar radiation were the primary factors affecting thermal sensation,
while the results of Jin et al. [32] indicated that only air temperature had an effect
on thermal comfort during the cold season in severely cold regions. In the transition
seasons, air temperature and solar radiation affected thermal comfort; Zeng et al. [34]
discovered the strongest positive correlation between thermal perception votes of visi-
tors and air temperature in hot and humid regions. Therefore, determining the relative
importance of different meteorological parameters is particularly important for urban
space design.

In addition, outdoor thermal comfort is also affected by some non-meteorological
factors, including perspiration rate, thermal experience, thermal preference, culture, gender,
age and space type [15,35,36]. From the perspective of controllability of environmental
improvements, space type is relatively important. Meanwhile, mitigation strategies are
usually more homogeneous in summer and winter, with people preferring to be in shady
and windy environments in summer and in the sun in winter. In contrast, during the
more sensitive transition seasons, people’s active adaptation and environmental mitigation
strategies are usually diverse, which means that different space types need to be provided to
meet people’s thermal comfort needs. Spatial heterogeneity in built-up urban areas creates
local-scale and micro-scale climates that vary widely across space and time [37]. Several
studies have investigated the effects of space types on outdoor thermal comfort, demon-
strating that spaces such as building shade and tree shade can reduce direct short-wave
radiation and lower surface temperatures. In addition, different shading levels change
different degrees of radiation penetration and cooling effects [38,39]. Air temperatures in
tree-shaded areas in Singapore [40], Bangalore [41] and Melbourne [42] were reported to be
1.1, 5.6 and 0.9 ◦C lower than those in non-shaded areas, respectively. Middel et al. [37]
found that shade reduced thermal sensation votes by approximately 1 unit, increasing
thermal comfort in all seasons except winter, and the effects of photovoltaic canopies and
tree shade were similar. Colter et al. [43] showed that tree shade and artificial shading
were not similarly effective at improving outdoor thermal comfort. Watanabe et al. [44]
found pavilion and pergola shade can reduce the universal effective temperature by 18.4
and 16.2 ◦C, respectively. Tree shade can reduce daytime air temperature, Physiolog-
ical Equivalent Temperature and Universal Thermal Climate Index (UTCI) by 0.4, 0.1
and 0.5 ◦C (respectively) more than building shade [35]. Jamei et al. [45] summarized
the effects of the sky view factors (SVFs) and street orientation on outdoor thermal
comfort and found that most studies were conducted in hot and humid climates, hot
and dry climates, Mediterranean climates and subtropical climates, with little research
conducted in cold regions [28]. Therefore, more studies are needed to understand the
differences in outdoor thermal comfort in different spatial types in cold regions during
the transition seasons.

This review shows that current studies have primarily focused on the thermal comfort
differences under hot (summer), cold (winter) or all-season climate conditions and lack
long-term targeted investigations on the transition seasons with the largest range of weather
changes when people are most sensitive to weather changes and spend the longest time
on outdoor activities. In addition, since thermal comfort results are quite sensitive to area
and time [9,39], it is necessary to conduct detailed in situ and long-term investigations on
thermal perception in cold regions during the transition seasons, clarify the distribution
of thermal comfort over time in different space types and further verify the accuracy and
applicability of thermal comfort indexes to improve outdoor space utilization and provide
information for optimizing their designs.

Combining meteorological measurements and subjective thermal sensation question-
naires, the UTCI, which has been proven accurate in many studies, was selected to study
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outdoor thermal comfort in cold regions during the transition season. This paper selected
three typical outdoor environments (sunlight, tree shade and building shade) under five
different spatial types on a campus in Dalian, a cold region of China, and investigated the
differences in outdoor thermal comfort in different spatial types over long-term observa-
tions in the transition season, with three specific objectives: (1) to analyze the relationship
between meteorological parameters and people’s thermal perceptions and propose im-
portant meteorological factors affecting thermal comfort; (2) to compare thermal comfort
differences among different spatial types, including thermal perceptions and thermal pref-
erences; and (3) to verify UTCI applicability under long-term observations of the transition
season in cold regions, to propose an outdoor thermal comfort benchmark for the transition
season in Dalian, China, and to elucidate the spatial differences in neutral temperature and
acceptable temperature range. The findings could provide a theoretical basis and technical
guidance for spatial optimization to create a comfortable thermal environment in different
open spaces.

2. Study Area

Dalian is an important port and scenic tourist city in the southernmost part of the
Liaodong Peninsula in China (38.9◦ N, 121.6◦ E). According to the Köppen–Geiger climate
classification system, the city has a temperate monsoon climate (Dwa). In the Thermal
Design Code for Civil Buildings (GB 50176–2016), Dalian is divided into cold zone B.
Coupled with its geographical environment as a peninsula hemmed in by mountains,
its climate is characterized by four distinct seasons and a mild climate. According
to the statistical yearbook, the annual average temperature in the central area of
Dalian city is about 10.5 ◦C, with a significant upward trend and an increase rate
of 3.45 ◦C/100 years; the annual extreme maximum temperature is about 35 ◦C; the
annual extreme minimum temperature is −28 to −18 ◦C; and the annual average
relative air humidity is 64–70%.

Field trials were conducted on the campus of the Dalian University of Technology,
located in central Dalian. As it is an open area for college students to communicate and
gather, creating a thermally comfortable campus environment helps relieve stress and
improve physical and psychological health [2]. Five typical open spaces in the research
area were selected according to the space types. These spaces are the most active outdoor
public spaces on campus with rich landscape elements and complete outdoor facilities and
are ideal for studying outdoor thermal comfort. The open spaces were designated A to
E. Three different outdoor environments (sunlight, tree shade and building shade) were
selected as survey points for each space, numbered 1, 2 and 3, respectively, and fish-eye
photographs were taken to determine the SVF for each survey point (Table 2). The SVF
values differed among the survey points, proving that the selected points were significantly
different and could represent spatial types with different characteristics in the study area.
In addition, due to the lack of trees, only two environmental experiments (sunlight and
building shade) were conducted at point B.
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3. Materials and Methods

Figure 1 shows a flowchart of the methodology used in this study. Firstly, the tran-
sitional season for this study was determined. Secondly, a field survey of three different
outdoor environments in five typical open spaces was conducted using a combination of
objective measurements and subjective questionnaires. Finally, the differences in outdoor
thermal comfort in different spatial types were investigated.



Buildings 2022, 12, 720 6 of 19
Buildings 2022, 12, x FOR PEER REVIEW 6 of 19 
 

 
Figure 1. A technique flowchart of the methodology applied in the present analysis. 

3.1. Determination of the Transition Season 
In cold region cities, Culjat [46] proposed the concept of an “outdoor season” 

suggesting that people can be comfortable by wearing more or less clothing layers in 
natural conditions from late spring to early autumn. On this basis, Li [30] proposed the 
concept of transitional seasons, suggesting that there is a transitional season between 
winter and the outdoor season in cold region cities, and showed through numerous 
studies that when the temperature was lower than 4.4 °C, fewer residents would 
participate in outdoor activities. In addition, in the QX/T 152–2012 division of climate 
season standard issued by the China Meteorological Administration, 22 °C is the critical 
temperature for summer and autumn [15]. Based on this, 4.4 and 22 °C were taken as the 
critical temperatures for the transitional season in Dalian. Combined with the daily 
average temperature statistics from the Dalian Meteorological Station from 1988 to 2010 
(http://data.cma.cn/ (accessed on 7 May 2022)), the date ranges of the transition seasons in 
Dalian were March 19 to June 28 and September 7 to November 20, respectively (as shown 
in Figure 2). 

 
Figure 2. Monthly mean and maximum/minimum Ta and mean RH in Dalian. 

3.2. Objective Measurement 
The field survey consisted of meteorological parameter measurements and subjective 

questionnaires, and the survey time was set from 11:00 to 13:00, when the campus was 
most active outdoors. While measuring the thermal environment, meteorological 
parameters were recorded every minute, including air temperature (Ta), relative humidity 
(RH), globe temperature (Tg) and wind velocity (Va). Ta and RH were recorded using a 
HOBO H21-002 recorder placed in a solar radiation shield (Onset, Bourne, MA, USA), Va 
was measured with a Kestrel 5500 (Nielsen-Kellerman, Boothwyn, PA, USA) and Tg was 
recorded using a JTR10 WBGT recorder (Table 3). All measuring devices were installed in 

Figure 1. A technique flowchart of the methodology applied in the present analysis.

3.1. Determination of the Transition Season

In cold region cities, Culjat [46] proposed the concept of an “outdoor season” sug-
gesting that people can be comfortable by wearing more or less clothing layers in natural
conditions from late spring to early autumn. On this basis, Li [30] proposed the concept of
transitional seasons, suggesting that there is a transitional season between winter and the
outdoor season in cold region cities, and showed through numerous studies that when the
temperature was lower than 4.4 ◦C, fewer residents would participate in outdoor activi-
ties. In addition, in the QX/T 152–2012 division of climate season standard issued by the
China Meteorological Administration, 22 ◦C is the critical temperature for summer and
autumn [15]. Based on this, 4.4 and 22 ◦C were taken as the critical temperatures for the
transitional season in Dalian. Combined with the daily average temperature statistics from
the Dalian Meteorological Station from 1988 to 2010 (http://data.cma.cn/ (accessed on 7
May 2022)), the date ranges of the transition seasons in Dalian were March 19 to June 28
and September 7 to November 20, respectively (as shown in Figure 2).
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3.2. Objective Measurement

The field survey consisted of meteorological parameter measurements and subjective
questionnaires, and the survey time was set from 11:00 to 13:00, when the campus was most
active outdoors. While measuring the thermal environment, meteorological parameters
were recorded every minute, including air temperature (Ta), relative humidity (RH), globe
temperature (Tg) and wind velocity (Va). Ta and RH were recorded using a HOBO H21-002
recorder placed in a solar radiation shield (Onset, Bourne, MA, USA), Va was measured
with a Kestrel 5500 (Nielsen-Kellerman, Boothwyn, PA, USA) and Tg was recorded using
a JTR10 WBGT recorder (Table 3). All measuring devices were installed in accordance

http://data.cma.cn/
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with ISO 7726 requirements [47] and fixed on tripods at a height of about 1.5 m above the
ground [5,23,36,39].

Table 3. Experimental instruments and parameters.

Parameter Instrument Range Precision

Air Temperature (Ta)
HOBO H21-002

−20 to 50 ◦C ±0.2 ◦C

Relative Humidity (RH)
0–10% RH

10–90% RH
90–100% RH

±3% RH
±2% RH
±3% RH

Wind Velocity (Va) Kestrel 5500 0.1–9.99 m/s
10.0–20.0 m/s

+(0.05 m/s + 5% readout)
+(5% readout)

Globe Temperature (Tg) JTR10 WBGT 5–120 ◦C ±0.5 ◦C

3.3. Subjective Assessment

As shown in Table 4, the thermal comfort questionnaire consisted of basic informa-
tion about the subjects and outdoor thermal sensing information. The basic information
included gender, age, clothing and residence time. In the thermal sensing section, subjects
were asked to describe their thermal sensation, overall thermal comfort and expectations of
meteorological parameters. There are no generally confirmed standards for a thermal sen-
sation vote (TSV) scale in outdoor thermal comfort studies, which is selected according to
local climate characteristics and previous scales. The modified American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE) seven-point scale (−3, cold; −2,
cool; −1, slightly cool; 0, neutral; 1, slightly warm; 2, warm; 3, hot) was used in the survey.
For the overall comfort vote (OCV), a three-point scale was adopted (−1, uncomfortable; 0,
neutral; 1, comfortable). For voting meteorological parameter preferences, including prefer-
ences for air temperature, relative humidity, wind speed and solar radiation, a three-point
scale was used (1, stronger/higher; 0, unchanged; −1, weaker/lower).

Table 4. Outdoor thermal comfort questionnaire adopted in this study.

Outdoor Thermal Comfort Questionnaire

Date: _________ Time: _________ Gender: (1) Male (2) Female Age: _________ Province: _________

1. Current location:
�Under the Shade of Trees �Under the Shadow of Buildings �Under Direct Sunlight

2. Your current clothing includes (multiple choices):
Upper:�Vest �Underwear �Short-sleeve T-shirt �Long-sleeve T-shirt �Pullover �Shirt �Sweater �Jacket �Thick coat

�Thin coat �Cotton clothes �Down jacket
Bottom: �Shorts �Short skirt �Trousers �Long skirt �Sweat pants �Woolen pants �Cotton pants

Footwear: �Sandals �Shoes �Boots �Cotton-padded shoes �Pantyhose �Ankle-length socks
�Socks �Low-cut liner socks

Others: ___________________________

3. Please describe your thermal sensation at present
�−3 Cold �−2 Cool �−1 Slightly cool �0 Neutral �1 Slightly warm �2 Warm �3 Hot

4. Please describe your overall comfort level at present:
�−1 Uncomfortable �0 Neutral �1 Comfortable

5. What changes do you expect from the following meteorological data at present:
Air temperature: �Higher �Unchanged �Lower

Relative humidity: �Higher �Unchanged �Lower
Wind speed: �Stronger �Unchanged �Weaker

Solar Radiation: �Stronger �Unchanged �Weaker
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3.4. Thermal Comfort Indexes

Thermal comfort indexes are widely used in outdoor thermal comfort evaluations,
including Temperature and Humidity Index (THI), Wet Bulb Globe Temperature (WBGT),
Operating Temperature (Top), Standard Effective Temperature (SET *), OUT_SET *, UTCI
and Physiologically Equivalent Temperature (PET) [4]. Among them, UTCI, PET and
OUT-SET * are primarily used in unstable outdoor environments. This paper used UTCI
as the thermal comfort index to assess thermal environments. Based on the multi-node
Fiala human physiology and thermal comfort model [48], this index takes into account the
impact of clothing and activities on thermal comfort and can show the real environment in
which people generate the same physiological reaction as in an equivalent environmental
temperature [49], which has been widely applied worldwide.

The consistency of clothing models between the UTCI and Dalian was verified. In the
UTCI clothing model, the overall clothing thermal resistance (Icl) was estimated using the
empirical formula recommended by ISO 9920, as shown in Equation (1), and regression
analysis of the average clothing thermal resistance was performed at every 1 ◦C air tem-
perature. The same method was used to calculate the Dalian clothing model. As shown
in Figure 3, the UTCI clothing model and Dalian clothing model are very consistent in
the range of 10–22 ◦C. As the air temperature increases in Dalian, the thermal resistance
is infinitely near a certain value (0.6 clo), rather than infinitely decreasing as in the UTCI
clothing model, which is consistent with the results obtained in the severe cold region [15]
and the Mediterranean region [17]. In general, the UTCI and Dalian clothing models are
similar, indicating the applicability of the UTCI in Dalian.

Icl = 0.161 + 0.835 ∑ Iclu (1)

where Icl is the intrinsic insulation (m2 K W−1) and Iclu is the effective insulation (m2 K W−1).

Icl = 0.0004T3
a − 0.0207T2

a + 0.3197Ta − 0.4645
(

R2 = 0.922
)

(2)

where Ta is the air temperature (◦C).
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UTCI was calculated using the calculator provided by the UTCI official website
(http://www.utci.org (accessed on 7 May 2022)). The meteorological parameter inputs
included Ta, RH, mean radiant temperature (Tmrt) and wind speed at a height of 10 m

http://www.utci.org
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above the ground. The wind speed at 10 m height could be obtained from the wind speed
at 1.5 m height using Equation (3).

Va1 = Va2

(
Z1
Z2

)α

(3)

where Va1 is the wind speed at a height of 10 m from the ground (m/s), Va2 is the wind
speed at a height of 1.5 m from the ground (m/s), Z1 is 10 m, Z2 is 1.5 m, α is the wind
speed correction index with terrain variation and α in this study is 0.33 [50].

The calculation for Tmrt used in the UTCI calculation is performed according to the
ISO 7726 standards [47] and expressed as follows:

Tmrt =

[(
Tg + 273

)4
+

1.10 × 108Va
0.6

εD0.4

(
Tg − Ta

)] 1
4

− 273 (4)

where D is globe diameter (D = 0.15 m in this study) and ε is emissivity (ε = 0.95 for a
black globe).

3.5. Field Survey Procedures

Due to Dalian’s characteristic mild oceanic climate, the use of air conditioning is not as
widespread in summer compared to the necessary heating needs in winter. In other words,
outdoor thermal comfort in autumn is less influenced by the artificial environment than
in the spring. Therefore, autumn was chosen as the transition season for this study, and
the measurement days covered the entire transition season. In addition, the cooling rate
in the study area during the transition season was relatively slow due to the constraints
of peninsula topography. To ensure that the measurement days were representative (with
significant changes in temperature) throughout the transition season, the interval was
approximately half a month. Therefore, the study was conducted on clear days, which
occurred on 25 and 27 September, 9 and 23 October and 13 November 2020.

Throughout the field survey, the average Ta on the measurement day was 18.6 ◦C,
with the lowest Ta being 10.2 ◦C at point D2 and the highest being 27.3 ◦C at point B2. The
average RH was 48.8%; the lowest RH was 26.7% at point E2, and the highest was 74.2% at
point C2. The average Tg was 23.4 ◦C, with Tg varying between 12.2 ◦C and 40.5 ◦C. The
average Va at 1.5 m was 1.02 m/s, with Va values ranging from 0.00 m/s to 7.23 m/s. The
highest Tg was 40.5 ◦C at point B1, and the lowest was 12.2 ◦C at point D2. To ensure that
the measuring devices could accurately record meteorological parameters of the subjects’
surroundings, the questionnaire was required to be completed within a 3 m radius centered
on the devices. In addition, subjects were randomly selected by investigators to complete
the questionnaires, and subjects who had lived in the area for less than 6 months were
excluded. A total of 865 valid questionnaires were collected during the survey, 65% being
male and 35% female.

4. Results and Discussion
4.1. Spatial Differences in Thermal Sensation Survey
4.1.1. Thermal Sensation Vote and Overall Comfort Vote

TSV is the most intuitive measure to describe the human body in terms of hot and
cold. Figure 4 shows the TSV distribution during the survey period, and people’s thermal
sensations vary greatly in different spatial environments. Overall, the main thermal sen-
sation recorded in the transition season is “slightly cool” (25.5%), followed by “neutral”
and “cool” (16.4%). The human thermal sensation experienced a gradual transformation
from “hot” to “cold” over time. In terms of thermal sensation span, the TSV range is [−3,3]
in sunlight and tree shade and [−3,2] in building shade. In sunlight, more than 47.6%
of subjects’ thermal sensation is higher than 0. Among them, “slightly warm (TSV = 1)”
accounts for the largest proportion (20.0%) and is the main type of thermal sensation in
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sunlight, followed by “slightly cool (TSV = −1)” and “hot (TSV = 2)”, which account for
19.0% and 17.7%, respectively. The main TSV range in tree shade is [−2,0], lower than that
in sunlight, with the largest proportion of “slightly cool (TSV = −1)” (29.7%). In building
shade, TSV is primarily distributed in [−2,0] with a percentage of 72.9%. Compared with
tree shade, building shade provides a cooler thermal sensation. In addition, TSV in sunlight
is found to be more dispersed than in building shade and tree shade. This is because the
SVF in sunlight is larger than that in other spatial environments, and when SVF is larger,
air circulation capacity increases, but acquired solar radiation also increases, leading to
a polarized trend in thermal sensation. In other words, open spaces sometimes tend to
produce a hot sensation due to higher radiation and sometimes a cold sensation due to
higher wind speed.
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Figure 5 shows the overall comfort at each measurement point during the transition
season in the cold region, reflecting the significant influence of different spatial environ-
ments on human thermal comfort. In general, as the weather becomes colder, the discomfort
proportion in the three environments gradually increases, which is the same as the change
pattern for TSV. Among the respondents, the proportion that voted “comfortable” in build-
ing shade is the largest (49.5%), followed by sunlight (41.8%). However, the proportion that
voted “uncomfortable” in tree shade is as high as 28.5%. When the air temperature is high,
buildings intercept most of the solar radiation, causing lower temperatures and higher
OCV. When the air temperature is low, sunlit spaces with the highest SVF receive the most
radiation heat and cause the highest proportion of comfortable thermal sensation votes
(39.7%). These findings are consistent with previous studies in different climates that had
fewer open spaces in which decreased SVF improved thermal comfort at higher tempera-
tures but decreased comfort at lower temperatures [37,51]. Comparatively, OCV fluctuates
less in sunlight and tree shade. Tree shade is a relatively neutral shaded space with 30.5%
neutral thermal sensation votes, indicating that this is an optimal way to improve OCV in
cold regions [39]. Trees can improve outdoor human thermal discomfort by attenuating
direct solar radiation and can also modify microclimate latent and sensible heat fluxes
through water transpiration [43]. Some studies have shown that relatively closed spaces
due to dense planting can lead to poor thermal sensation. Therefore, plant landscaping
should avoid closed space designs and create semi-open spaces [39].
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4.1.2. Meteorological Parameter Effects

To quantify the relationship between outdoor thermal sensations and meteorological
parameters in the transition season, the Spearman correlation analysis of meteorological
parameters (Ta, RH, V1.5 m, Tmrt) and TSV was conducted to explore the weighting of
each meteorological parameter on thermal sensation. The results showed that TSV and
each meteorological parameter were significantly correlated (Table 5), positively correlated
with Ta, RH and Tmrt and negatively correlated with V1.5 m. Ta and Tmrt are most strongly
correlated with TSV, indicating that Ta and solar radiation are the main factors affecting
outdoor thermal sensation during the transition seasons in this region, which is consistent
with the results from some studies showing that temperature is the most important meteo-
rological influence on TSV [4,34,39]. Therefore, in the design stage, designers can prioritize
air temperature and solar radiation to improve people’s evaluation of thermal comfort
during the transition season in cold regions. The relatively small effect of wind speed can
be explained by the seasonality of its effect. Wind speed is higher in the spring and winter
in Dalian and lower in summer and autumn [52]. People are affected by the long-term
windy climate in spring and winter, resulting in psychological adaptation behavior, and
have a strong tolerance for wind speed changes in autumn.

Table 5. The Pearson correlation between TSV and meteorological parameters.

Ta RH V1.5 m Tmrt

TSV 0.636 ** 0.313 ** −0.138 ** 0.589 **
** Represents that the significance level is at 0.01.

4.1.3. Meteorological Parameter Preference

As shown in Figure 6, subjects in different spatial environments have different prefer-
ences for various meteorological parameters. In sunlight and tree shade, the expectation of
a higher Ta and solar radiation gradually increases over time, which is consistent with the
correlation between Ta, Tmrt and TSV. For example, the percentage of people who prefer
higher Ta increases from 8% to 53% in sunlight. However, the change under building shade
undergoes a greater fluctuation. On 13 November, 41.0% of people preferred a higher Ta,
while only 27% preferred a higher Ta on 9 October and less than 10% preferred a higher
Ta on 25 and 27 September and 23 October. This may be due to the fact that buildings can
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block more solar radiation, leading to a significant change in the thermal environment. In
terms of RH preference, each environment has similar trends overall, with an increasing
trend over time. This suggests that in the transition season, the outdoor climate in the
cold region is relatively dry and subjects desire higher air humidity. In all three spatial
environments, subjects generally prefer lower Va. The aforementioned results indicate
that preferences for meteorological parameters under sunlight and tree shade have the
same pattern of variation in the transition seasons. However, thermal preferences under
building shade fluctuate more, indicating that the thermal environment under building
shade should be optimized in the designs for outdoor environments according to local
conditions, thus enhancing the overall thermal comfort in cold regions.
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4.2. Spatial Differences in Thermal Comfort Level
4.2.1. Correlation Analysis between UTCI and MTSV

The practicality of UTCI for evaluating outdoor thermal comfort has been widely
demonstrated worldwide. However, its applicability in the transition seasons in Dalian
still requires further validation. In this study, the UTCI and mean thermal sensation vote
(mTSV) were fitted by linear regression using 1 ◦C as the interval, the mean UTCI as the
independent variable and mTSV as the dependent variable. As shown in Figure 7, the
corresponding mathematical model is as follows:

Y = 0.1196X − 2.2531
(

R2 = 0.790
)

(5)
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A higher value for correlation coefficient R2 indicates a higher prediction accuracy.
The results show that the R2 is 0.790 and the UTCI and mTSV are well fitted, indicating
that UTCI can accurately evaluate outdoor thermal comfort in Dalian during the transi-
tion seasons.

Figure 8 shows the linear regression relationship between mTSV and UTCI for three
spatial environments (sunlight, tree shade and building shade) in the transition season, and
the corresponding mathematical models are as follows:

Sunlight : Y1 = 0.1079X1 − 1.8465
(

R2 = 0.749
)

(6)

Tree shade : Y2 = 0.1084X2 − 2.3867
(

R2 = 0.717
)

(7)

Building shade : Y3 = 0.1321X3 − 3.1351
(

R2 = 0.419
)

(8)

Conclusions differ concerning whether building shade reduces outdoor heat stress
more than tree shade under different climate types. A study conducted in Japan showed
that pavilion shade reduced universal effective temperature more than tree shade [44],
while a related study in Hong Kong concluded that tree shade could reduce UTCI more
greatly compared to building shade [35]. In this study, it can be seen from Figure 6 that at
the same UTCI, mTSV is highest in sunlight, second highest in tree shade and lowest in
building shade, indicating that people feel warmer in sunlight and colder in building shade
than in tree shade. Specifically, the average UTCI is 15.1, 21.7 and 18.2 ◦C for building
shade, sunlight and tree shade, respectively. Compared to sunlight, building shade and
tree shade environments decrease UTCI by 6.6 and 3.5 ◦C, respectively, and building shade
performs better in reducing outdoor thermal stress than tree shade. The reason is that
building shade has a smaller SVF and can block more solar radiation, which is a key
meteorological parameter affecting the outdoor thermal environment in Dalian. These
results are consistent with some studies conducted elsewhere [35,39]. In addition, in a
comparison of the slopes of the linear regressions in the three environments, the results are
as follows: in building shade (0.1321) > in tree shade (0.1084) > in sunlight (0.1079). It can
be concluded that people are more sensitive to building shade in outdoor environments
during the transition seasons in cold regions, which means that people’s thermal sensation
is more likely to change in building shade. These findings confirm that people’s sensation
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of unsteady thermal comfort is greatly affected by the local microclimate. UTCI is sensitive
to the local environment, and the same UTCI has different thermal sensations in different
environments, requiring in situ research [32,39].
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4.2.2. Neutral UTCI and Neutral UTCI Range

The temperature that people feel is neither cold nor hot is defined as the thermal
neutral temperature. When mTSV = 0, the UTCI is neutral, and the UTCI range of mTSV
(−0.5, 0.5) is in the neutral range, which represents the generally accepted range. According
to the above regression Equation (3), the neutral UTCI is 18.8 ◦C and the neutral UTCI
ranges from 14.7 to 23.0 ◦C. The neutral UTCI and neutral UTCI range for the transition
season in Dalian are compared with the values in other climatic zones (Table 6). The
neutral UTCI in Dalian is clearly lower than that in other regions, followed by Harbin and
Tehran. This may be due to the mild oceanic climate of Dalian, which does not experience
severe cold in winter or severe heat in summer, resulting in the poor adaptability of Dalian
residents to the high-temperature environment. In the cold climate, the neutral UTCI
ranges in Dalian and Harbin, Xi’an and Tehran are significantly different. Harbin has the
largest neutral UTCI range, which has a higher annual temperature difference and more
variable climate conditions in the severe cold region, and long-term thermal experience
may change thermal perceptions, resulting in Harbin’s residents being more tolerant to
the changeable climate conditions [4,36]. The neutral UTCI range in Dalian is narrower
than that in Xi’an (a cold region of China) and wider than that in Tehran. In comparison
with Guangzhou and Shanghai in the southern region of China, the range of neutral UTCI
in Dalian during the transition season is larger than that in Guangzhou and smaller than
that in Shanghai because Guangzhou is located in a hot summer and warm winter region,
accompanied by relatively small changes in climate throughout the year. Therefore, the
range of neutral UTCI is narrow. On the contrary, Shanghai belongs to a region with a hot
summer and cold winter, where the climate fluctuates more. The above results confirm
the existence of thermal adaptation in different climate regions. The neutral UTCI range
and neutral UTCI in different regions are significantly affected by climatic factors, and it is
necessary to study the subjective perceptions of outdoor thermal environments in various
climate zones [4].
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Table 6. Neutral UTCI and neutral UTCI range for the transition season in different climate regions.

City, Country Climate Seasons Neutral UTCI in
Transition Season

Neutral UTCI Range in
Transition Season

Dalian, China (this study) Dwa Autumn 18.8 ◦C 14.7–23.0 ◦C
Harbin, China [15] Dwa All year 21.4 ◦C 12.0–30.8 ◦C

Xi’an, China [53] Cwa/BSk Spring, summer, winter 22.8 ◦C (Chinese),
21.8 ◦C (Pakistani)

17.9–27.7 ◦C (Chinese),
15.6–28.0 ◦C (Pakistani)

Tehran, Iran [54] BWk All year 21.5 ◦C 17.7–25.4 ◦C
Guangzhou, China [55] Cfa All year 23.7 ◦C 21.3–26.1 ◦C

Shanghai, China [56] Cfa All year 23.7 ◦C 18.2–31.7 ◦C

In addition, according to the Equations (6)–(8), the neutral UTCI under sunlight, tree
shade and building shade is 17.1, 22.0 and 23.7 ◦C, respectively, and the neutral UTCI
ranges from 12.5 ◦C to 21.7 ◦C, 17.4 ◦C to 26.6 ◦C and 19.9 ◦C to 27.5 ◦C, respectively.
The neutral UTCI in sunlight is 4.9 and 6.6 ◦C lower than that in tree shade and building
shade, respectively, while the neutral UTCI in building shade is 1.7 ◦C higher than that
in tree shade, indicating that in transition seasons in cold regions, people tend to prefer
a cooler environment in sunlight and a hotter environment in building shade compared
to tree shade. These findings illustrate the differences in the effects of different spatial
environments on people’s subjective perception of thermal comfort.

4.2.3. Thermal Acceptability Range

The thermal acceptability range is defined as the temperature considered to be within
the acceptable range by at least 80% of the people, i.e., a range considered to be unacceptable
by only 20% of people. Two methods are commonly used to determine the thermal
acceptability range: subjective questionnaires obtained directly or a fitting regression
analysis of subjective questionnaires and objective measurements. The fitting regression
analysis method defines temperatures at TSV of −1 to 1 as acceptable and temperatures
beyond TSV of −1 to 1 as unacceptable. The interval algorithm was used to calculate the
acceptable percentage of UTCI temperature, and regression analysis was performed on the
mean UTCI within the interval (Figure 9) to obtain fitted equations for sunlight (9), tree
shade (10) and building shade (11).

Sunlight : Y1 = −0.0016X1
2 + 0.0532X1 + 0.1725

(
R2 = 0.598

)
(9)

Tree shade : Y2 = −0.0014X2
2 + 0.0546X2 + 0.1376

(
R2 = 0.706

)
(10)

Building shade : Y3 = 0.0008X3
2 + 0.0059X3 + 0.1499

(
R2 = 0.871

)
(11)

The results show that the curves for sunlight and tree shade are parabolas with
downward openings and the curve for building shade is a parabola with an upward
opening. In other words, the thermal acceptability in building shade gradually increases
with an increasing UTCI temperature, while for sunlight and tree shade, the thermal
acceptability increases with increasing UTCI within a certain range but begins to decrease
after reaching the apex. This is because the discomfort in sunlight increases significantly
at higher temperatures and the cooling effect of trees decreases. It is worth noting that
both sunlight and tree shade have higher thermal acceptability than building shade before
their curves intersect with the building shade curve. In addition, the acceptable UTCI
range of 80% of the subjects is 25.1–29.1 ◦C in building shade. However, the temperature
ranges in sunlight and tree shade are not able to satisfy more than 80% of the subjects in the
entire transition season, indicating that people are intolerant to the thermal environment
in sunlight and tree shade, possibly due to the large fluctuations from climate change in
cold regions.



Buildings 2022, 12, 720 16 of 19

Buildings 2022, 12, x FOR PEER REVIEW 16 of 19 
 

sunlight and tree shade, possibly due to the large fluctuations from climate change in cold 
regions. 

When UTCI is 20.9 °C, the thermal acceptability percentage is the same at 66.3% in 
tree shade and building shade and 57.0% in sunlight. Above this temperature, the thermal 
acceptability percentage continues to increase in building shade, while satisfaction de-
clines faster in sunlight and relatively slower in tree shade. This indicates that at higher 
temperatures (UTCI ≥ 21.9 °C), building shade provides a low radiation environment, 
thereby increasing satisfaction in the outdoor environment. When 10.2 °C ≤ UTCI <21.9 
°C, the order of thermal acceptability percentages from high to low is as follows: tree 
shade, sunlight and building shade. When UTCI <10.2 °C, the order is sunlight, tree shade 
and building shade. The results show that in a hot environment during transition seasons, 
people prefer building shade that can completely block solar radiation, whereas in a cold 
environment, sunlight is not always preferred, and with a change from hot to cold, people 
choose between tree shade and sunlight. 

 
Figure 9. Regression curve of UTCI and acceptable percentage in three environments. 

5. Conclusions 
This study investigates the differences in outdoor thermal comfort in different spatial 

types under long-term observations in the transition season in Dalian, China. By analyz-
ing subjective and objective data of outdoor thermal environments, the following conclu-
sions were drawn from the perspective of outdoor thermal environments in cold regions. 

(1) A significant correlation is present between TSV and all meteorological parame-
ters during transition seasons in cold regions, and it has a positive correlation with Ta, RH 
and Tmrt and a negative correlation with V1.5m. Ta and Tmrt have the strongest correlation 
with TSV and are the main factors affecting thermal sensation. In the design stage, they 
can be prioritized to improve people’s evaluations of outdoor thermal environments in 
transition seasons. In contrast, the effect of wind speed on outdoor thermal sensation is 
relatively minor. 

(2) The most common thermal sensation reported by subjects in the transition season 
is “slightly cool”. The human thermal sensation experiences a gradual transformation 
from “hot” to “cold” over time, and the proportion of discomfort gradually increases. 
Among the three outdoor environments, the TSV in sunlight was found to be more dis-
persed than in building shade and tree shade. In addition, building shade provides a 
cooler thermal sensation when compared with tree shade. For OCV, there are smaller fluc-
tuations in sunlight and tree shade. 

(3) As a thermal environment evaluation index, UTCI has good applicability during 
transition seasons in cold regions. UTCI is closely related to mTSV with a correlation co-
efficient of 0.790. Compared to sunlight, building shade and tree shade environments 

Figure 9. Regression curve of UTCI and acceptable percentage in three environments.

When UTCI is 20.9 ◦C, the thermal acceptability percentage is the same at 66.3% in
tree shade and building shade and 57.0% in sunlight. Above this temperature, the thermal
acceptability percentage continues to increase in building shade, while satisfaction declines
faster in sunlight and relatively slower in tree shade. This indicates that at higher temper-
atures (UTCI ≥ 21.9 ◦C), building shade provides a low radiation environment, thereby
increasing satisfaction in the outdoor environment. When 10.2 ◦C ≤ UTCI <21.9 ◦C, the
order of thermal acceptability percentages from high to low is as follows: tree shade,
sunlight and building shade. When UTCI <10.2 ◦C, the order is sunlight, tree shade and
building shade. The results show that in a hot environment during transition seasons,
people prefer building shade that can completely block solar radiation, whereas in a cold
environment, sunlight is not always preferred, and with a change from hot to cold, people
choose between tree shade and sunlight.

5. Conclusions

This study investigates the differences in outdoor thermal comfort in different spatial
types under long-term observations in the transition season in Dalian, China. By analyzing
subjective and objective data of outdoor thermal environments, the following conclusions
were drawn from the perspective of outdoor thermal environments in cold regions.

(1) A significant correlation is present between TSV and all meteorological parameters
during transition seasons in cold regions, and it has a positive correlation with Ta, RH
and Tmrt and a negative correlation with V1.5 m. Ta and Tmrt have the strongest correlation
with TSV and are the main factors affecting thermal sensation. In the design stage, they
can be prioritized to improve people’s evaluations of outdoor thermal environments in
transition seasons. In contrast, the effect of wind speed on outdoor thermal sensation is
relatively minor.

(2) The most common thermal sensation reported by subjects in the transition season
is “slightly cool”. The human thermal sensation experiences a gradual transformation from
“hot” to “cold” over time, and the proportion of discomfort gradually increases. Among
the three outdoor environments, the TSV in sunlight was found to be more dispersed than
in building shade and tree shade. In addition, building shade provides a cooler thermal
sensation when compared with tree shade. For OCV, there are smaller fluctuations in
sunlight and tree shade.

(3) As a thermal environment evaluation index, UTCI has good applicability during
transition seasons in cold regions. UTCI is closely related to mTSV with a correlation
coefficient of 0.790. Compared to sunlight, building shade and tree shade environments
decrease UTCI by 6.6 and 3.5 ◦C, respectively, and neutral UTCI in transition seasons is
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18.8 ◦C. By comparing the neutral UTCI and neutral UTCI range, it was found that there is
an obvious thermal adaptation in different climate zones.

(4) The neutral temperature in sunlight (17.7 ◦C UTCI) is the lowest during transition
seasons in cold regions, followed by tree shade (22.0 ◦C UTCI) and building shade (23.7 ◦C
UTCI). At the same UTCI, mTSV is highest in sunlight and lowest in building shade,
indicating that people feel warmer in sunlight and colder in building shade than in tree
shade. In addition, people’s sensitivity to changes in UTCI in different environments differs,
with sunlight < tree shade < building shade, which means that people’s thermal sensation is
more likely to change in building shade. Therefore, to improve thermal comfort and extend
outdoor activity times during the transition season, it is necessary to adopt various flexible
design strategies, taking into account both the shading needs in sunlight environments
under high-temperature conditions and the warmth needs in building shade environments
under low-temperature conditions.

(5) The thermal acceptability results show that people vary in their acceptance of
different environments in the transition season, with the acceptable UTCI range of 25.1–
29.1 ◦C in building shade and consistently below 80% in sunlight and tree shade. In addition,
there are differences in environmental requirements at different temperatures. When the
temperature is higher (UTCI ≥ 21.9 ◦C), people prefer a low radiation environment in
building shade. When 10.2 ◦C ≤ UTCI < 21.9 ◦C, people prefer to be in tree shade. When
the temperature is lower (UTCI < 10.2 ◦C), people prefer sunlight.

This study confirms the applicability of UTCI in transition seasons in cold regions,
investigates the subjective satisfaction and objective parameters of thermal comfort in three
outdoor environments and analyzes the spatial differences in people’s thermal comfort eval-
uation. Considering that climate parameters fluctuate greatly at different times in transition
seasons in cold regions and that thermal comfort varies among different space types, local
governments and planners should adopt flexible optimization strategies when designing
public spaces. For example, some shading measures can be added at higher temperatures
and removed at lower temperatures. The findings can be used as an objective standard
to evaluate outdoor thermal comfort conditions in Dalian and provide a reference for
designing a comfortable thermal environment in different outdoor spaces during transition
seasons in cold regions, which will help improve overall comfort in outdoor environments.
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