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Abstract:

Urban open spaces provide various benefits to large populations in cities. Since thermally
comfortable urban open spaces improve the quality of urban living, an increasing number of
studies have been conducted to extend the existing knowledge of outdoor thermal comfort. This
paper comprehensively reviews current outdoor thermal comfort studies, including benchmarks,
data collection methods, and models of outdoor thermal comfort. Because outdoor thermal
comfort is a complex issue influenced by various factors, a conceptual framework is proposed
which includes physical, physiological and psychological factors as direct influences; and
behavioral, personal, social, cultural factors, as well as thermal history, site, and alliesthesia, as
indirect influences. These direct and indirect factors are further decomposed and reviewed, and
the interactions among various factors are discussed. This review provides researchers with a
systematic and comprehensive understanding of outdoor thermal comfort, and can also guide
designers and planners in creating thermally comfortable urban open spaces.
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Nomenclature

AC, Air Conditioner

ASHRAE, American Society of Heating, Refrigerating and Air-Conditioning Engineers
ASYV, Actual Sensation Vote, a linearly regressed thermal sensation model
COMFA, comfort formula, a human thermal budget index

DTS, Dynamic Thermal Sensation, a model that calculates thermal sensation
FI, Fluctuation Index, used to indicates the fluctuation of microclimate parameters
GOCI, Global Outdoor Comfort Index

HVAC, Heating, Ventilation, and Air Conditioning

H/W, Weight-to-Width ratio

IMEM, Instationary Munich Energy Balance Model

ITS, Index of Thermal Stress, a human thermal budget model

1ZA, the thermal comfort Index for cities of Arid Zones

MOCI, Mediterranean Outdoor Comfort Index

OTE, Optimum Thermal Environment

OUT_SET#*, Outdoor Standard Effective Temperature

PET, Physiologically Equivalent Temperature

PMYV, Predicted Mean Vote

SET*, Standard Effective Temperature

SVF, Sky View Factor

TOCI, Turkish Outdoor Comfort Index

TSV, Thermal Sensation Vote

UEB, Underneath Elevated Buildings

UTCI, Universal Thermal Climate Index

WBGT, Wet Bulb Globe Temperature

1. Introduction

More than half of the world’s population lives in cities (World Population Bureau, 2018). Urban
open spaces provide physical, environmental, social, and economic benefits to citizens (Woolley,
2003). Thermally comfortable urban open spaces offer high-quality locations to residents and
attract them to the outdoors (Lai et al., 2019a; Lai et al., 2014b; Lin et al., 2012; Nikolopoulou
and Lykoudis, 2007), thus increasing the vitality of cities. Creating a comfortable thermal
environment in urban open spaces requires a good understanding of outdoor human thermal
comfort. As a result, an increasing number of studies have been conducted on the topic of
outdoor thermal comfort.

These outdoor thermal comfort studies have addressed various activities in different kinds of
outdoor spaces, and have been performed in cities with diverse climates. Although the studies
have accumulated valuable knowledge about outdoor thermal comfort, conflicting conclusions
have been reached. For example, while many studies have found the neutral temperature in the
hot season to be higher than that in the cool season, two studies (Spagnolo and de Dear, 2003;

2



Yahia and Johansson, 2013) demonstrated the opposite results. The conflict may be due to the
different methods used to obtain (Johansson et al., 2014), analyze, and interpret the data. For
instance, the data collection process varied among three-point (Lai et al., 2014b), five-point
(Nikolopoulou and Lykoudis, 2006), seven-point (Lin, 2009), and nine-point (Chen et al., 2018)
scales for thermal sensation votes. Furthermore, data analysis relied on different thermal
benchmarks, such as neutral temperature, preferred temperature, and acceptable temperature
(Cheung and Jim, 2017; Shooshtarian and Ridley, 2016a), and the methods for obtaining these
benchmarks may be different. When calculating neutral temperature, some studies have used
the “bin” method (Lin and Matzarakis, 2008), while other investigations have employed “probit
analysis” (Spagnolo and de Dear, 2003). In addition to distinctive methods, different models
used in various studies may add to the complexity of outdoor thermal comfort. These models
were developed by incorporating different influencing factors of outdoor thermal comfort, such
as physical, physiological, psychological, social, cultural, behavioral, and personal factors.
However, the above influencing factors are intertwined with one another, making outdoor
thermal comfort a complex issue. At the same time, the number of outdoor thermal comfort
studies were increasing. Therefore, to timely provide information for further researches, it is
necessary to perform a critical review to comprehensively and systematically summarize the
methods, models, and influencing factors in current outdoor thermal comfort studies.

This review is organized as follows. First, after a brief introduction of the benchmarks used for
outdoor thermal comfort, we present a summary of current studies, including the climatic and
geographical distributions of these studies, and the research methods and models that were
employed. Next, as the main content of this paper, the direct and indirect factors influencing
outdoor thermal comfort are reviewed. Finally, this study discusses the interactions among
various factors, the frequently occurring adaptation phenomena, the practical implications of
the studies’ findings, and the outlook for future research.

2. Studying outdoor thermal comfort

To conduct the comprehensive review, this study first searched peer-reviewed articles published
in databases such as Google Scholar, Scopus, Web of Science, ScienceDirect, Springer, and
Wiley etc. Only studies that combined thermal environment conditions with subjective human
responses were selected. If a study only analyzed the thermal environment, or only used thermal
indices or models to assess human thermal comfort without actual perception data, it was not
included in our review. If a set of data were used repeatedly in different papers to analyze the
various aspects of outdoor thermal comfort, these papers were all included. The reviewed
articles were conducted in different climatic regions all over the world, employed different
methods to collect data, used different benchmarks for data interpretation, and they identified
various influencing factors of outdoor thermal comfort. The following contents provide a
review of the above issues.

2.1 Current studies

Researchers have studied outdoor thermal comfort in various cities located in different climatic
zones. Figure 1 summarizes these cities on a world map according to Koppen climate
classification. As shown in the figure, studies have been conducted in 107 cities, on all
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continents except Antarctica, among which 42 cities were in Asia and 22 in Europe. Although
the cities include 20 in Africa, 16 of these were in Nigeria, as investigated by Eludoyin and
Adelekan (2013). Some cities have been surveyed repeatedly. For example, Taichung was
investigated eight times, and Hong Kong seven times. Tables 1 and 2 provide further
information about these studies. This large body of outdoor thermal research reflects its global
relevance and importance.
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Figure 1.

Studied cities on the world map according to Koppen climate classification. Map from Beck et al. (Beck et al., 2018).



2.2 Benchmarks of outdoor thermal comfort

The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
has defined outdoor thermal comfort as “the condition of mind that expresses satisfaction with
the outdoor thermal environment (ASHRAE, 2017a).” To assess whether the state of thermal
comfort in outdoor spaces has been reached, many different benchmarks are available in the
literature. Since thermal comfort is defined as a “condition of mind,” subjective judgements
about thermal sensation, thermal preference, thermal comfort level, and thermal acceptability
are important indications of thermal comfort (Cheung and Jim, 2017; Shooshtarian and Ridley,
2016a). According to these subjective benchmarks, outdoor space can be considered thermally
comfortable if the occupants feel approximately neutral, do not wish to change the outdoor
thermal environment, or directly regard the outdoor thermal environment as thermally
comfortable or acceptable. Although differences among subjective benchmarks have been
discussed by Spagnolo and de Dear (2003) and Cheung and Jim (2017), the benchmarks have
been used interchangeably in some studies. For example, the neutral range was regarded as an
acceptable range by Yahia and Johansson (2013) and Mahmoud (2011). However, Lai et al.
(2014a) and Shooshtarian and Ridley (2016a) showed that it might be problematic to indirectly
use thermal sensation vote to derive an acceptable thermal range when assessing the outdoor
thermal environment. In a review of 24 outdoor thermal comfort studies, Cheung and Jim (2017)
found that neutral or acceptable conditions were often mistaken for comfortable conditions.

In addition to subjective perceptions, outdoor space attendance been used as an indicator of
thermal comfort, since people tend to “vote with their feet” and leave a space if they feel
uncomfortable. For example, Huang et al. (2016) directly defined an optimum thermal
environment (OTE) for Wuhan, China, by using the UTCI range corresponding to attendance
of over 90%. Physiological responses such as skin and core temperatures, and sweat rate, may
also serve as reasonable indices of outdoor thermal comfort. However, very few studies have
tried to establish a link between physiological indicators and outdoor thermal comfort.

2.3 Approaches to data collection

The research data on outdoor thermal comfort have generally been collected by one of two
methods, the traverse field survey and the longitudinal subject test, as shown in Tables 1 and 2,
respectively. Most studies have used traverse field surveys. In this type of survey, researchers
use a questionnaire to obtain a subjective evaluation of thermal comfort and other related
information such as gender, age, clothing, and mood at the time of the interview. The collection
of subjective votes is usually accompanied by monitoring of the surrounding microclimate.
Some studies further recorded the activity in the areas investigated, such as the attendance in
the sites, length of stay, and adaptive behaviors of occupants. Because the traverse field survey
allows researchers to easily collect a large amount of real-world data, this has been the most
common approach. However, in this type of survey, the perceptions of interviewees are
collected only once at a specific time under uncontrolled thermal environmental conditions.
Therefore, the dynamic influences of the thermal environment cannot be investigated.
Furthermore, it is hard to minimize the uncertainty that arises from individual differences in
traverse field surveys.



As a result, some researchers have carried out longitudinal tests on limited numbers of human
subjects in selected or relatively controlled outdoor thermal environments. In a longitudinal
subject test, many uncertainties, such as the thermal environmental parameters (air temperature,
radiation, wind speed, etc.) and personal parameters (age, gender, thermal history, etc.) can be
controlled. For example, Cheng et al. (2012) created four different combinations of outdoor
thermal environmental conditions using a wind break and an umbrella, and investigated the
thermal perception of eight subjects under these thermal conditions. Longitudinal subject tests
have also made it feasible for researchers to record physiological parameters of subjects, such
as skin and core temperatures, heart rate, pulse, and sweat rate. While the majority of studies
have chosen either the traverse field survey or the longitudinal test, two studies (Cohen et al.,
2019; Jeong et al., 2016) used a combination of these approaches in order to take advantage of
both methods.

When it is not feasible to conduct on-site studies, models can be employed to assess human
thermal response to certain thermal environments. For example, Katavoutas et al. (2015) used
the two-node Instationary Munich Energy Balance Model (IMEM) to study the dynamic
changes in skin and core temperatures and skin wetness of a typical subject who entered a hot
outdoor environment from an indoor space.



Table 1. Summary of traverse field studies from the reviewed literature.

No Author, Year City Climatic Zone (Koppen Classification) | No. of Votes Periods Investigated
1 (Nikolopoulou et al., 2001) Cambridge, UK Marine West Coast (Cfb) 1431 Spring, summer, winter
. . April, May, June,
2 (Zacharias et al., 2001) Montreal, Canada Warm Summer Continental (Dfb) N/a
September, and October
3 (Ahmed, 2003) Dhaka, Bangladesh Tropical Savanna (Aw) 1500 July, August
4 (Becker et al., 2003) Yotvata, Israel Tropical and Subtropical Desert (BWh) 288 July
5 (Spagnolo and de Dear, 2003) Sydney, Australia Humid Subtropical (Cfa) 1018 Summer, winter
6 (Gomez et al., 2004) Valencia, Spain Tropical and Subtropical Steppe (BSk) 1500 Four seasons
7 (Stathopoulos et al., 2004) Montreal, Canada Warm Summer Continental (Dfb) 466 Spring, autumn
8 (Thorsson et al., 2004) Gothenburg, Sweden Marine West Coast (Cfb) 285 From July to October
Tokyo, Japan Humid Subtropical (Cfa) 63 March
9 (Knez and Thorsson, 2006) ; -
Gothenburg, Sweden Marine West Coast (Cfb) 43 April
Kassel, Germany Marine West Coast (Ctb) 824 Four seasons
Athens, Greece Mediterranean (Csa) 1503 Four seasons
. . Thessaloniki, Greece Humid Subtropical (Cfa) 1813 Four seasons
(Nikolopoulou and Lykoudis, - -
10 2006) Milan, Italy Marine West Coast (Cfb) 1173 Four seasons
Fribourg, Switzerland Marine West Coast (Cfb) 1920 Four seasons
Sheffield, UK Marine West Coast (Cfb) 1008 Four seasons
Cambridge, UK Marine West Coast (Cfb) 948 Four seasons
. . January, April, June and
11 (Eliasson et al., 2007) Gothenburg, Sweden Marine West Coast (Cfb) 1379
October
Taichung, Taiwan Humid Subtropical (Cfa) Spring, summer, winter
12 (Hwang and Lin, 2007) Yunlin, Taiwan Humid Subtropical (Cfa) 3027 Spring, summer, winter
Chiayi, Taiwan Humid Subtropical (Cfa) Spring, summer, winter
13 (Kantor et al., 2007) Szeged, Hungary Warm Summer Continental (Dfb) 844 August, September
(Nikolopoulou and Lykoudis, .
14 2007) Athens, Greece Mediterranean (Csa) 1503 Four seasons
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15 (Oliveira and Andrade, 2007) Lisbon, Portugal Mediterranean (Csa) 91 Spring, winter
16 (Thorsson et al., 2007) Tokyo, Japan Humid Subtropical (Cfa) 1142 March, May
17 (Walton et al., 2007) Wellington, New Zealand Marine West Coast (Cfb) 649 Over nine months
18 (Lin and Matzarakis, 2008) Sun Moon Lake, Taiwan Humid Subtropical (Cfa) 1644 Four seasons
19 (Metje et al., 2008) Birmingham, UK Marine West Coast (Cfb) 451 From August to February
20 (Lin, 2009) Taichung, Taiwan Humid Subtropical (Cfa) 505 From April to February
21 (Hwang et al., 2010) Taichung, Taiwan Humid Subtropical (Cfa) 3837 Four seasons
22 (Kriiger and Rossi, 2011) Curitiba, Brazil Marine West Coast (Cfb) 1654 From January to August
23 (Mahmoud, 2011) Cairo, Egypt Tropical and Subtropical Desert (BWh) 300 June, December
24 (Kantor et al., 2012) Szeged, Hungary Warm Summer Continental (Dfb) 967 Spring, autumn
25 (Kriiger et al., 2012) Glasgow, UK Marine West Coast (Cfb) 763 From March to July
26 (Makaremi et al., 2012) Putrajaya, Malaysia Tropical Rainforest (Af) 200 March, April
. . . 937 August (pilot)
27 (Ng and Cheng, 2012) Hong Kong, China Humid Subtropical (Cfa)
2702 From November to August
. . . . January, February, August
28 (Yahia and Johansson, 2013) Damascus, Syria Tropical and Subtropical Steppe (BSk) 920
and September
29 (Cohen et al., 2013) Tel Aviv, Israel Mediterranean (Csa) 1731 Summer, winter
Yelwa, Nigeria Tropical Savanna (Aw)
Sokoto, Nigeria Mid-Latitude Steppe and Desert (Bsh)
Bauchi, Nigeria Tropical Savanna (Aw)
Potiskum, Nigeria Mid-Latitude Steppe and Desert (Bsh)
Maiduguri, Nigeria Mid-Latitude Steppe and Desert (Bsh)
30 (Eludoyin and Adelekan, 2013) Yola, Nigeria Tropical Savanna (Aw) 3600 March to November

Markurdi, Nigeria

Tropical Savanna (Aw)

Tlorin, Nigeria

Tropical Savanna (Aw)

Lokoja, Nigeria

Tropical Savanna (Aw)

Bida, Nigeria

Tropical Savanna (Aw)

Jos, Nigeria

Tropical Savanna (Aw)
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Warri, Nigeria

Tropical Savanna (Aw)

Ikeja, Nigeria

Tropical Savanna (Aw)

Port Harcourt, Nigeria

Tropical Monsoon (Am)

Benin, Nigeria

Tropical Savanna (Aw)

Calabar, Nigeria

Tropical Monsoon (Am)

31 (Lin et al., 2013a) Taichung, Taiwan Humid Subtropical (Cfa) 759 From September to January
. . July, February, April and
32 (Lindner-Cendrowska, 2013) Warsaw, Poland Marine West Coast (Cfb) 553
October
33 (Pantavou et al., 2013) Athens, Greece Mediterranean (Csa) 1706 July, October and February
Singapore Tropical Rainforest (A 2020 From August to Ma
34 (Yang et al., 2013b) £4p - p. - (AD £ Y
Changsha, China Humid Subtropical (Cfa) 2052 From June to August
35 (Lai et al., 2014a) Tianjin, China Hot Summer Continental (Dwa) 1565 From March to January
) ) ) ) August, September, October
36 (Lai et al., 2014b) Wuhan, China Humid Subtropical (Cfa) 490
and November
37 (Pearlmutter et al., 2014) Sede-Boger, Israel Mid-Latitude Steppe and Desert (Bsh) 319 July
38 (Tsitoura et al., 2014) Crete, Greece Mediterranean (Csa) 200 Summer, winter
(Villadiego and Velay-Dabat, . . .
39 2014) Barranquilla, Colombia Tropical Savanna (Aw) 781 January
40 (Chen et al., 2015) Shanghai, China Humid Subtropical (Cfa) 596 From November to January
(Trindade da Silva and Engel de o ) ) ) )
41 Vitoria, Brazil Tropical Savanna (Aw) 841 Spring, summer, winter
Alvarez, 2015)
Arnhem, Netherlands Marine West Coast (Cfb) 184 Summer
42 (Klemm et al., 2015) Utrecht, Netherlands Marine West Coast (Cfb) 181 Summer
Rotterdam, Netherlands Marine West Coast (Cfb) 194 Summer
43 (Martinelli et al., 2015) Rome, Italy Mediterranean (Csa) N/a August
44 (Ruiz and Correa, 2015) Mendoza, Argentina Tropical and Subtropical Desert (BWk) 667 Summer, winter
Barbados, the Caribbean ) .
45 (Rutty and Scott, 2015) Tropical Monsoon (Am) 216 March, April

Islands
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Saint Lucia, the Caribbean

Tropical Monsoon (Am) 126
Islands
Tobago, the Caribbean .
Islands Tropical Monsoon (Am) 130
46 (Saaroni et al., 2015) Tel Aviv, Israel Mediterranean (Csa) 300 June, July
47 (Sharmin et al., 2015) Dhaka, Bangladesh Tropical Savanna (Aw) over 700 September
48 (Wuetal., 2015) Taichung, Taiwan Humid Subtropical (Cfa) 392 March, April
49 (Zeng and Dong, 2015) Chengdu, China Humid Subtropical (Cfa) 255 August
50 (Chow et al., 2016) Singapore Tropical Rainforest (Af) 1573 Summer, winter
51 (Elnabawi et al., 2016) Cairo, Egypt Tropical and Subtropical Desert (BWh) 320 June, July and December
52 (Giannakis et al., 2016) Nicosia, Cyprus Mid-Latitude Steppe and Desert (BSh) 305 June, July
53 (Hirashima et al., 2016) Belo Horizonte, Brazil Humid Subtropical (Cfa) 1693 March, July
54 (Huang et al., 2016) Wuhan, China Humid Subtropical (Cfa) 1460 May to November
55 (Jeong et al., 2016) Seoul, Korea Hot Summer Continental (Dwa) 790 Summer, autumn
56 (Kantor, 2016) Szeged, Hungary Warm Summer Continental (Dfb) 5805 Summer, autumn, winter
57 (Kariminia et al., 2016a) Isfahan, Iran Tropical and Subtropical Steppe (BSk) 504 July
58 (Kim and Macdonald, 2016) San Francisco, CA, USA Mediterranean (Csb) 701 From July to December
59 (Kovacs et al., 2016) Szeged, Hungary Warm Summer Continental (Dfb) 5128 Summer, autumn, winter
60 (Lietal., 2016) Guangzhou, China Humid Subtropical (Cfa) 1005 From January to September
61 (Liu et al., 2016) Changsha, China Humid Subtropical (Cfa) 7851 Four seasons
62 (Lucchese et al., 2016) Campo Grande, Brazil Tropical Savanna (Aw) 408 July, November
63 (Maras et al., 2016) Aachen, Germany Marine West Coast (Cfb) 138 Summer, winter
. . . January, April, June and
64 (Middel et al., 2016) Tempe, AZ, USA Tropical and Subtropical Desert (Bwh) 1284
November
65 (Salata et al., 2016) Rome, Italy Mediterranean (Csa) 941 Four seasons
66 (Shooshtarian and Ridley, 2016b) Melbourne, Australia Marine West Coast (Cfb) 1023 From November to May
. . ) August, September and
67 (Zhao et al., 2016) Guangzhou, China Humid Subtropical (Cfa) 1582

October
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68 (Amindeldar et al., 2017) Teheran, Iran Mediterranean (Csa) 410 winter
69 (Chan et al., 2017) Hong Kong, China Humid Subtropical (Cfa) 1000 Summer, winter
70 (Heidari and Azizi, 2017) Kashan, Iran Tropical and Subtropical Steppe (BSk) 295 July, August
71 (Hou et al., 2017) Harbin, China Hot Summer Continental (Dwa) 602 Four seasons
72 (Huang et al., 2017) Hong Kong, China Humid Subtropical (Cfa) 1107 Summer, autumn, winter
73 (Kruger and Drach, 2017) Rio de Janeiro, Brazil Tropical Savanna (Aw) 985 Summer
74 (Louafi et al., 2017) Constantine, Algeria Mediterranean (Csa) 2220 July
75 (Lucchese and Andreasi, 2017) Campo Grande, Brazil Tropical Savanna (Aw) 524 Winter, spring, summer
76 (Nasrollahi et al., 2017) Isfahan, Iran Tropical and Subtropical Steppe (BSk) 281 July
) ) ) January, August and
77 (Ndetto and Matzarakis, 2017) Dar es Salaam, Tanzania Tropical Savanna (Aw) 606
September

78 (Nouri and Costa, 2017) Lisbon, Portugal Mediterranean (Csa) 110 July
79 (Shih et al., 2017) Anping District, Taiwan Humid Subtropical (Cfa) 164 Summer, winter

(Shooshtarian and Rajagopalan, . . February, May and
80 Melbourne, Australia Marine West Coast (Cfb) 1059

2017) November
81 (Shooshtarian and Ridley, 2017) Melbourne, Australia Marine West Coast (Cfb) 1023 Spring, summer, autumn
] ) March to July, September to
82 (Tseliou et al., 2017) Athens, Greece Mediterranean (Csa) 2313
November

83 (Wang et al., 2017) Groningen, Netherlands Marine West Coast (Cfb) 389 Spring, summer
84 (Yang et al., 2017) Umea, Sweden Continental Subarctic (Dfc) 525 July, August
85 (Ali and Patnaik, 2018) Bhopal, India Mediterranean (Csa) 640 March, April

(Aljawabra and Nikolopoulou, Marakech, Morocco Mediterranean (Csa) 303 Summer, winter
86 2018) Phoenix, AR, USA Tropical and Subtropical Desert (BWh) 126 Summer, winter
87 (Cheung and Jim, 2018b) Hong Kong, China Humid Subtropical (Cfa) 427 From May to October
88 (Fang et al., 2018) Guangzhou, China Humid Subtropical (Cfa) 2007 Summer, autumn
89 (Golasi et al., 2018) Rome, Italy Mediterranean (Csa) 869 From June to April
90 (Hadianpour et al., 2018) Tehran, Iran Mediterranean (Csa) 1008 Four seasons
91 (Lam et al., 2018a) Melbourne, Australia Marine West Coast (Cfb) 3320 January, February
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92 (Lamarca et al., 2018) Concepcion, Chile Mediterranean (Csb) 301 January
(Lindner-Cendrowska and .
93 . Warsaw, Poland Marine West Coast (Cfb) 662 Four seasons
Blazejczyk, 2018)
94 (Johansson et al., 2018) Guayaquil, Ecuador Tropical Savanna (Aw) 544 March, April and June
. . . January, September and
95 (Wang et al., 2018) Guangzhou, China Humid Subtropical (Cfa) 1006
December

96 (Xie et al., 2018) Hong Kong, China Humid Subtropical (Cfa) 1107 From March to December

) ) ) ) January, February and
97 (Yao et al., 2018) Shanghai, China Humid Subtropical (Cfa) 1014

December

98 (Canan et al., 2019) Konya, Turkey Mediterranean (Csa) 296 July, August
99 (Cohen et al., 2019) Beer Sheva, Israel Mid-Latitude Steppe and Desert (Bsh) 996 Summer, winter
100 (Fang et al., 2019) Guangzhou, China Humid Subtropical (Cfa) 674 From June to July
101 (Heng and Chow, 2019) Singapore Tropical Rainforest (Af) 1573 Summer, winter
102 (Huang et al., 2019) Mianyang, China Humid Subtropical (Cfa) 523 Summer, winter
103 (Lau et al., 2019a) Hong Kong, China Humid Subtropical (Cfa) 1917 From June to September
104 (Leng et al., 2020) Harbin, China Hot Summer Continental (Dwa) 301 April
105 (Manavvi and Rajasekar, 2020) New Delhi, India Mid-Latitude Steppe and Desert (Bsh) 353 June
106 (Sharmin et al., 2019) Dhaka, Bangladesh Tropical Savanna (Aw) 1286 May, June, September
107 (Xie et al., 2019) Hong Kong, China Humid Subtropical (Cfa) 1600 Four seasons
108 | (de Area Leao Borges et al., 2020) Cuiab4, Brazil Tropical Savanna (Aw) 685 Four seasons
109 (Lietal., 2020) Hong Kong, China Humid Subtropical (Cfa) 1638 Four seasons
110 (Mi et al., 2020) Xi’an, China Humid Subtropical (Cfa) 1146 Winter, spring, summer
111 (Xi et al., 2020) Harbin, China Hot Summer Continental (Dwa) 1740 Winter, summer
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Table 2. Summary of longitudinal studies from the reviewed literature.

No Author, Year City Climatic Zone (Koppen Classification) NO_' of | No.of Periods Investigated
Subjects | Votes
Tokyo, Japan Humid Subtropical (Cfa) 6 N/a N/a
1 (Givoni et al., 2003) Tel Aviv, Israel Mediterranean (Csa) 10 N/a May, June
Mash'abei-Sadeh, Israel Mid-Latitude Steppe and Desert (Bsh) 14 N/a July, August
2 (Shimazaki et al., 2011) Osaka, Japan Humid Subtropical (Cfa) 57 N/a Summer
3 (Cheng et al., 2012) Hong Kong, China Humid Subtropical (Cfa) 8 286 Summer, winter
4 (Schnell et al., 2012) Tel Aviv, Israel Mediterranean (Csa) 36 1457 Four seasons
5 (Xietal., 2012) Guangzhou, China Humid Subtropical (Cfa) 21 114 July
6 (Yin et al., 2012) Nanjing, China Humid Subtropical (Cfa) 205 N/a August
7 (Zhou et al., 2013) Wuhan, China Humid Subtropical (Cfa) N/a 386 June, July
8 (Pantavou et al., 2014) Athens, Greece Mediterranean (Csa) 5 200 July
(Sangkertadi and Syafriny, . . .
9 2014) Manado, Indonesia Tropical Rainforest (Af) 300 N/a From May to September
10 (Watanabe et al., 2014) Nagoya, Japan Humid Subtropical (Cfa) 42 N/a August, September
11 (Yoshida et al., 2015) Osaka, Japan Humid Subtropical (Cfa) 6 N/a Summer
12 (Jeong et al., 2016) Seoul, Korea Hot Summer Continental (Dwa) 12 N/a August, October
13 (Kurazumi et al., 2016) Bangkok, Thailand Tropical Savanna (Aw) 17 N/a September
14 (Schnell et al., 2016) Tel Aviv, Israel Mediterranean (Csa) 26 N/a Spring
15 (Song and Jeong, 2016) Bucheon, Korea Hot Summer Continental (Dwa) 11 29 August
. West Lafayette, IN, USA Hot Summer Continental (Dfa) 10 40 March to September
16 (Lai et al., 2017a) — - -
Tianjin, China Hot Summer Continental (Dwa) 16 54 From May to December
17 (Vanos et al., 2017) Lubbock, TX, USA Tropical and Subtropical Steppe (Bsk) 14 261 Spring
18 (Chen et al., 2018) Harbin, China Hot Summer Continental (Dwa) 31 4131 Four seasons
19 (Xu et al., 2018) Xi’an, China Humid Subtropical (Cfa) 37 1008 January
20 (Cohen et al., 2019) Beer Sheva, Israel Mid-Latitude Steppe and Desert (Bsh) 112 1792 Summer, winter
21 (Lau et al., 2019b) Hong Kong, China Humid Subtropical (Cfa) 14 N/a August, September
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22

(Xu et al., 2019)

Xi’an, China

Humid Subtropical (Cfa)

70

2510

Summer, winter

23

(He et al., 2020)

Xi’an, China

Humid Subtropical (Cfa)

58

1691

Winter, spring, summer
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2.4 Models for outdoor thermal comfort

Various models can be employed to evaluate the thermal comfort level in an environment, and
they can provide researchers with a wealth of information and a deep understanding of this topic.
Selecting a suitable model is crucial in outdoor thermal comfort research. Potchter et al. (2018)
summarized the models used in 117 studies from 2001 to 2017 and found that the
physiologically equivalent temperature (PET) (Hoppe, 1999), predicted mean vote (PMV)
(Fanger, 1970), universal thermal climate index (UTCI) (Jendritzky et al., 2012), and standard
effective temperature (SET*) (Gagge et al., 1986) are four most commonly used models, and
they were employed in 53.3% of the studies. PET alone accounts for 30.2% of usage. Coccolo
et al. (2016) reviewed thermal comfort models commonly used for outdoor environments and
presented the physical equations of these models. Outdoor thermal comfort models can be
categorized into two types according to the ways in which they were defined and developed:
mechanism models and empirical models.

Mechanism models are based on the human thermal balance and can be further divided into
equivalent temperature and thermal load models. Equivalent temperature is the most widely
used type of model in outdoor thermal comfort research. Many popular models, including PET,
UTCI, SET*, and OUT _SET* (outdoor version of SET*) (Pickup and de Dear, 2000), are
equivalent temperatures. Equivalent temperature is defined as the air temperature of a typical
indoor room that generates the same physiological responses (e.g., skin and core temperatures,
skin wetness) as would the actual complex conditions. The main difference among various
equivalent temperatures is the human heat transfer model used to calculate the physiological
responses. For example, PET is based on the two-node Munich Energy-balance Model for
Individuals (MEMI, (Hoppe, 1993)). SET* and OUT_SET* use the two-node model developed
by Gagge et al(1971). UTCI is based on Fiala’s (Fiala et al., 2012) multi-node model. Besides
using an advanced multi-node human heat transfer model, UTCI has made other improvements,
such as employing a self-adaptive clothing model (Brode et al., 2012b) and using integrated
physiological response (Brode et al., 2012a) as a criterion when comparing typical indoor and
actual environments. The equivalent temperature is easy to interpret, and at the same time it has
significant theoretical meaning. However, equivalent temperature is not directly related to
thermal sensation. Therefore, researchers need to further associate the equivalent temperature
with the thermal sensation data obtained from a field survey or subject test.

Similar to equivalent temperature, thermal load models, such as PMV (Fanger, 1970), COMFA
(also called COMfort formulA) (Brown and Gillespie, 1986; Kenny et al., 2009a; Kenny et al.,
2009b), and the index of thermal stress (ITS, (Givoni, 1963; Givoni, 1976)), are also based on
the human energy balance. In thermal load models, the final output of the human energy balance
equation is thermal load, and different levels of thermal load are associated with various
categories of thermal sensation. Thermal load models differ in the way in which they calculate
heat exchange terms such as convection, radiation, and evaporation. In the PMV model, the
correlation between thermal load and thermal sensation was based on data from an indoor
human subject test (Fanger, 1970). Several studies (Lai et al., 2014a; Nikolopoulou et al., 2001;
Thorsson et al., 2007) have demonstrated that PMV overestimates the thermal sensation when
directly applied to outdoor spaces. As for the COMFA and ITS models, little effort has been
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made to demonstrate their validity.

The thermal perception of subjects in outdoor spaces cannot be fully explained by the thermal
balance of the human body. It is also affected by psychological, behavioral and other factors
(Lin, 2009). Because of the complexity of outdoor thermal comfort, some studies have used a
“black box” method and directly regressed the thermal sensation by environmental and personal
variables. The empirical regressed models were assigned various names, such as the actual
sensation vote (ASV) model by Nikolopoulou (2004), the thermal sensation (TS) model by
Givoni et al. (2003) and Cheng et al. (2012), the thermal comfort index for cities of arid zones
(IZA) model by Ruiz and Correa (2015), the Mediterranean outdoor comfort index (MOCI)
model by Salata et al. (2016), and the Turkish outdoor comfort index (TOCI) by Canan et al.
(2019). Golasi et al. (2018) further developed a global outdoor comfort index (GOCI) by
summarizing the regressed models from worldwide studies. Usually, regressed models are
multivariate linear regression models. Lai et al. (2018a) and Lai and Chen (2019) proposed the
use of an ordered probability model and multinomial logit model, and demonstrated that the
prediction accuracies of these two kinds of models were higher than that of a multivariate linear
model. The regressed models are simple and easy to use. However, they cannot be applied
outside the climate regions in which the data was obtained. In addition to linear, probit, and
logit regression models, an increasing number of machining learning models were proposed
(Jovic et al., 2016; Kariminia et al., 2015; Kariminia et al., 2016a; Kariminia et al., 2016b; Liu
et al., 2020), and authors usually claim the machining learning approaches provided good
prediction accuracy.

The equivalent temperatures, thermal load models, and regression models apply only for steady
state, and thus cannot take into account the dynamic influences that widely exist in outdoor
thermal comfort. Lai et al. (2017b) developed a dynamic thermal sensation model for outdoor
environments by using thermal load, mean skin temperature, and the change rate of skin
temperature as input variables. Lai’s model can address transient situations because it includes
the dynamic response of skin temperature to the changing outdoor thermal environment.
However, it is not easy to measure skin temperature in practice. Human skin temperature can
also be calculated with the use of a human heat transfer model, and can then be used as an input
to predict dynamic thermal sensation outdoors. Lai and Chen (2016) and Lai et al. (2017a)
developed a multi-segment human heat transfer model applicable in outdoor thermal
environments. Melnikov et al. (2018) developed a dynamic human thermal regulation model by
extending Gagge’s two-node model (Gagge et al., 1986).

In the above discussion, it can be seen that there is no versatile model for studying outdoor
thermal comfort. Greater effort should be devoted to the development of an accurate, simple
and universally applicable outdoor thermal comfort model.

3 Direct and indirect influences on outdoor thermal comfort

Many factors can influence outdoor thermal comfort, and they can be classified as either direct
or indirect, as shown in Figure 2. Factors with a direct influence on outdoor thermal comfort
include physical, physiological and psychological aspects. Other factors have an indirect effect
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on outdoor thermal comfort through the physiological and psychological factors. In this paper,
seven indirect factors, namely, behavioral, personal, social and cultural factors, thermal history,
site, and alliesthesia, are reviewed. Direct and indirect factors can be further decomposed into
various aspects. For example, air temperature, thermal radiation, wind, and humidity are the
four parameters that constitute the physical factor of outdoor thermal comfort. The following
two sections provide a detailed review of the direct and indirect influencing factors.

Physical
factors

Outdoor

Thermal

fact
actors Comfort

Thermal

Psychologica
history Y )

factors

—_—

Indirect influences Direct influences

Fig. 2. Direct and indirect influences on outdoor thermal comfort

3.1 Direct influences

3.1.1 Physical factors

This section reviews the influence of physical factors such as air temperature, thermal radiation,
wind, and relative humidity on outdoor thermal comfort. Table 3 provides a summary of
obtained information from the review of physical factor.

Table 3. Summary of the influence of physical factor on outdoor thermal comfort.

Factor Sub-factors Summary Reference
Air Air temperature had the greatest impact on or | (Chen et al., 2018; Lai et al., 2014a; Liu
temperature highest association with outdoor thermal | etal., 2016; Tsitoura et al., 2014)

comfort among the four climatic parameters.

Radiation had a greater influence or higher | (Hwang and Lin, 2007; Lin et al., 2011;
association than wind. Liuetal., 2016; Shih etal., 2017; Tseliou
et al., 2015; Xu et al., 2018; Yang et al.,

Physical
2013b; Yin et al., 2012)

Radiation and -
Wind had a greater influence than radiation. (Kriiger and Rossi, 2011; Metje et al.,

2008; Walton et al., 2007)

wind

Wind and radiation changes dynamically in | (Lai et al., 2017a; Lau et al., 2019b;
outdoor space. Nakayoshi et al., 2015; Vasilikou and
Nikolopoulou, 2019)
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The impact of wind and radiation on human have | (Hadianpour et al., 2019; Kubaha et al.,
directions. 2004)

Humidity had a negligible influence. (Chen et al., 2018; Cheng et al., 2012;
Kantor et al., 2012; Lai et al., 2014a)

Humidity
Humidity was perceived as the most unpleasant | (Chow et al., 2016)

parameter under high air temperature.

3.1.1.1 Air temperature, radiation, wind, and humidity

The physical environment largely determines the convective, radiative, evaporative, and
respiratory heat exchange between the human body and its surroundings. Air temperature
directly determines the convective heat exchange between the human body and the surrounding
outdoor space, and indirectly affects the radiative, evaporative, and respiratory heat exchange.
A number of studies have identified air temperature as the most vital parameter in outdoor
thermal comfort, among the four microclimatic variables. For example, based on a multifactor
analysis of variance of 7851 samples collected in Changsha, China, Liu et al. (2016) showed
that the relative contribution of air temperature to outdoor human thermal sensation was close
to 65% among four climatic parameters on a yearly basis. In a study by Chen et al. (2018) in
Harbin, China, interviewed subjects selected air temperature as the microclimate parameter with
the greatest effect on outdoor thermal comfort. Moreover, researchers (Lai et al., 2014a; Tsitoura
et al., 2014) found that air temperature exhibited the highest level of association with outdoor
thermal sensation among the four microclimatic parameters.

Although air temperature plays a vital role in outdoor thermal comfort, it is hard to modify the
temperature in outdoor spaces. Lai et al. (2019b) summarized the effects of four different
passive strategies—changing geometry, adding vegetation, using reflective pavement, and
incorporating water bodies—on air temperature. The mean reductions in the hottest time period
in summer for the four strategies were only around 2 K. Meanwhile, Niu et al. (2015) pointed
out that wind speed and radiant temperature differences have a significant influence on thermal
comfort. When creating thermally comfortable urban open spaces, the general practice is to
control the levels of thermal radiation or wind. Thus, in order to reasonably choose between the
two strategies, one must compare the relative importance of thermal radiation and wind. Current
studies have offered various answers to this question.

Most studies have found that the influence of radiation is greater than that of wind. For example,
by using logistic regression, Tseliou et al. (2015) observed that solar radiation caused a large
change in thermal sensation, while wind speed caused only small-scale differences. Liu et al.
(2016) determined that the relative contributions of thermal radiation and wind speed were 22%
and 8%, respectively, over a one-year period. Hwang and Lin (2007) analyzed the subjective
votes for thermal, sun, and wind sensations, and concluded that solar radiation had greater
capacity to change a subject’s thermal sensation than did air movement. Shih et al. (2017)
demonstrated that in summer months in Taiwan, dissatisfaction with the thermal environment
was associated more closely with solar radiation than with wind. In addition, Yin et al. (2012),
Lin et al. (2011), Yang et al. (2013b), and Xu et al. (2018) demonstrated that radiation had a
greater impact than wind on outdoor thermal comfort, or that there was a greater association
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between outdoor thermal sensation and solar radiation than between outdoor thermal sensation
and wind.

In contrast, studies by Walton et al. (2007) in Wellington, New Zealand, Kriiger and Rossi (2011)
in Curitiba, Brazil, and Metje et al. (2008) in Birmingham, UK, have found that wind had a
greater influence than radiation. The temperate climate (Ctb, or maritime temperate climate,
according to the Koppen climate classification) of the above studied cities may be the reason
for the conflicting results, since wind speed was perceived as stronger under lower air
temperatures (Lin et al., 2013a; Trindade da Silva and Engel de Alvarez, 2015; Wang et al.,
2018). This perception may have been due to the greater convective heat loss under lower air
temperature. Studies have found that preferred wind speed (Yang et al., 2013b) and acceptable
wind speed (Kim et al., 2018; Kim and Macdonald, 2016) decreased with a reduction in air
temperature. Similarly, in a study by Oliveira and Andrade (2007) in Lisbon in winter and spring
(air temperature < 24 °C), interviewees perceived wind speed as the most unpleasant
microclimate variable.

Humidity has usually been considered the least important climatic variable affecting outdoor
thermal comfort, as can be seen in the results of Chen et al. (2018), Kantor et al. (2012), and
Lai et al. (2014a). Cheng et al. (2012) regressed the outdoor thermal sensation by means of two
linear equations, with and without relative humidity, in Hong Kong and found that the difference
between the two regressed lines was negligible. However, as the air temperature rises, the air
can hold more water vapor, and the influence of humidity on outdoor thermal comfort might
increase. For example, in high-temperature, high-humidity Singapore, subjects voted humidity
as the most uncomfortable microclimatic variable (Chow et al., 2016).

3.1.1.2 Dynamic features of radiation and wind speed

An important feature of the outdoor physical environment is its dynamic nature. In other words,
outdoor microclimatic parameters are constantly fluctuating. Lai et al. (2017a) defined a
fluctuation index (FI) for outdoor thermal environment parameters by dividing the standard
deviation of a parameter over its mean value. The authors (Lai et al., 2017a) found that the FI
for air temperature and relative humidity was less than 0.05, while the FI for global solar
radiation was close to 0.2, and wind speed had the largest fluctuation with FI close to 0.5.
Possibly because of the fast-changing nature of outdoor wind, the correlation between wind and
thermal sensation was usually observed to be weaker than the correlations for air temperature
and radiation (Lin et al., 2011; Liu et al., 2016; Xu et al., 2018; Yang et al., 2013a; Yin et al.,
2012). On a longer time scale, the thermal environment and thermal comfort condition in a
place can change within one day, and dynamic thermal conditions may be preferred by visitors.
Perkins and Debbage (2016) found that in zoos in Atlanta and Phoenix, the peak attendance was
accompanied by dynamic changes in thermal environment, while a stagnant thermal
environment corresponded to lower attendance.

In addition to the fluctuating nature of wind speed and thermal radiation, the dynamic nature of
the outdoor thermal environment also arises from changes encountered by the occupant as
he/she moves from place to place. Nakayoshi et al. (2015) conducted a test in which the subjects

20



walked through different urban spaces in Tajimi, Japan. The subjects wore a set of sensors to
measure various parameters of the thermal environment along the way, and large variations in
radiation flux and wind speed were observed. Lau et al. (2019b) and Vasilikou and
Nikolopoulou (2019) conducted similar research in Hong Kong, Rome, and London. Overall,
the impact of the changing outdoor thermal environment on thermal comfort has not been
sufficiently studied.

3.1.1.3 Directionality of radiation and wind speed

Besides the dynamic nature of the outdoor thermal environment, the directionality of wind and
solar radiation may play a significant role in outdoor thermal comfort. The research of
Hadianpour et al. (2019) in Tehran, Iran, shows that under the same PET value, the thermal
sensation of windward-facing subjects was 0.5 unit lower than that of leeward-facing subjects.
Non-uniform solar radiation may also cause a large deviation in thermal sensation, because
different segments of the human body absorb significantly different amounts of solar radiation
(Kubaha et al., 2004). However, no research has been conducted on the influence of non-
uniform solar radiation on outdoor thermal comfort.

3.1.2 Physiological factors

Physiological indicators have direct connections with outdoor thermal comfort and thus is
reviewed in this section. Table 4 is a summary of the conclusions drawn from the review of
physiological factors.

Table 4. Summary of the influence of physiological factor on outdoor thermal comfort.

Factor Sub-factors Summary Reference
Skin Skin temperature was a good indicator of | (Jeong et al.,, 2016; Kurazumi et al.,
temperature outdoor thermal comfort. 2014; Lai et al., 2017a; Song and Jeong,
2016)
Skin temperature of occupants fluctuated in | (Lai et al., 2017a; Pantavou et al., 2014;
Physiological
outdoor spaces. Song and Jeong, 2016)
Rectal Rectal temperature responded slowly to | (Song and Jeong, 2016)
temperature outdoor thermal environment.
Sweat rate Sweat rate had gender dependence. (Nakayoshi et al., 2015)

The connection between physiological factors and outdoor thermal comfort starts with the heat
exchange between the human body and the surrounding environment, which leads to changes
in the human body temperature. Thermoreceptors in human skin and organs detect the
temperature and send signals to the brain, which integrates and interprets the signals as thermal
sensation (Zhang et al., 2010). If the human body temperature deviates from the “set point,” the
thermoregulation system of the body then works to maintain the core temperature by sweating,
shivering, and changing the peripheral blood flow. Physiological signals such as heart rate, pulse,
and sweat rate may change along with the thermoregulation process, and may thus be useful
indicators of thermal comfort.

In outdoor spaces, researchers have started to make connections between physiological signals
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and thermal comfort. The physiological factors that have been studied include skin temperature
(Lai et al., 2017a), rectal temperature (Song and Jeong, 2016), sweat rate (Nakayoshi et al.,
2015), heart rate (Vanos et al., 2017), and pulse (Nakayoshi et al., 2015).

3.1.2.1 Skin temperature

Of the many physiological parameters of outdoor thermal comfort, skin temperature is the most
studied, since it is a direct indicator of thermal comfort and is relatively easy to measure. The
comfortable mean skin temperature for indoor spaces has been reported at around 33.5 °C
(ASHRAE, 2017b; Fanger, 1970; Parsons, 2003), while in the outdoor environment, Lai et al.
(2017b) found that the mean skin temperature corresponding to neutral thermal sensation was
32.7 °C. Song and Jeong (2016) found that in summer, the mean skin temperature of subjects
in places with a high sky-view factor (SVF) was as high as 36.0 °C, while the mean skin
temperature of subjects in low-SVF spaces was 33.9 °C. Jeong et al. (2016) conducted similar
research and found that in an urban forest, the mean skin temperature of tested subjects was
lower than that of subjects in a central building district. Lai et al. (2017a) and Kurazumi et al.
(2014) investigated the association between mean skin temperature and outdoor thermal
sensation and found that the correlation coefficients were 0.85 and 0.66, respectively. Lai et al.
(2017b) further studied associations between outdoor thermal sensation and the skin
temperature of different local segments. The strengths of association of exposed segments such
as the head, face, and hands, were much higher than those of central segments such as the
abdomen and thorax. Metje et al. (2008) took advantage of the high correlation between hand
skin temperature and outdoor thermal comfort and developed a regression model to predict
comfort value from hand skin temperature. These examples demonstrate that skin temperature
is a reasonable indicator of thermal comfort in outdoor spaces.

Skin temperature is also a useful parameter for studying the dynamic characteristics of outdoor
thermal comfort. Because of the difference between the indoor and outdoor thermal
environment, when a subject enters an outdoor space from indoors, the subject’s skin
temperature changes. Hoppe (2002) used the two-node Instationary Munich Energy-balance
Model (IMEM) to simulate changes in the skin and core temperatures of a typical subject when
he or she moves from a neutral indoor space to an outdoor space under winter and summer
scenarios. Under the winter scenario, the skin temperature did not reach equilibrium even after
three hours of exposure, while under the summer scenario, the skin temperature stabilized
within half an hour. Lai et al. (2017a), meanwhile, reported a trend in measured skin temperature
in an actual situation. The difference was that in the actual situation, dynamic changes in the
wind and solar radiation led to fluctuations in skin temperature. Tests by Pantavou et al. (2014),
Lai et al. (2017a) and Song and Jeong (2016) have all demonstrated fluctuations in skin
temperature. Lai et al. (2017a) also revealed higher fluctuations in skin temperature in summer
than in winter, because more of the subjects’ body segments were directly exposed to the
outdoor environment during the summer.

3.1.2.2 Other physiological factors
Physiological parameters other than skin temperature have not been measured and analyzed
very often in outdoor thermal comfort studies. Song and Jeong (2016) compared the rectal
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temperature of subjects in spaces affected by buildings and tree coverage. Because the
measurement point of rectal temperature is at the core of the human body, the impact of thermal
environment on its value is delayed. After 44 minutes of exposure, the rectal temperature of
subjects in a building-surrounded area became statistically significantly higher than that of
subjects in a tree-covered area. In addition to core temperature, sweat rate is a potential indicator
of human thermal comfort (ASHRAE, 2017b). A study by Nakayoshi et al. (2015) revealed the
dependence of sweat rate in an outdoor thermal environment on gender and body weight.
Nakayoshi et al. (2015) also measured pulse rate in their subject test, but the results were not
further analyzed. Meanwhile, Vanos et al. (2017) recorded heart rate, but the authors did not
present the results.

3.1.3 Psychological factor

Since thermal comfort is defined as a “condition of mind,” the subjective psychological
condition of occupants is a fundamental factor in thermal comfort. Table 5 provides an overview
of the review of psychological factor.

Table 5. Summary of the influence of psychological factor on outdoor thermal comfort.

time of exposure

Factor Sub-factors Summary Reference
Experience The comfortable temperature of occupants | (Cheung and Jim, 2018a; Potchter et
was close to what they have experienced. al., 2018)
Thermal perception of one season was | (Nikolopoulou and Lykoudis, 2006)
affected by the proceeding season.
Expectation affected subjects’ thermal | (Chenetal.,2018; Lametal., 2018b;
Expectation sensation. Li et al, 2018; Rutty and Scott,
2015; Tseliou et al., 2015)
If people had a high degree of control, they | (Elnabawi et al., 2016; Johansson et
had high tolerance toward the environment. | al., 2018; Lam et al., 2018b; Lin et
) al., 2013b; Lindner-Cendrowska and
Psychological Perceived control/ Blazejczyk, 2018)
autonomy “Purpose of visit” did not have a statistically | (Shooshtarian and Ridley, 2017;
significant influence on outdoor thermal | Yang et al., 2013a)
sensation.
Naturalness, Proposed by Nikolopoulou and Steemers | (Nikolopoulou and Steemers, 2003)
environmental (2003), but have not been addressed
stimulation, and | frequently in other studies.

Checking weather
forecast, emotion,

security

Had statistically insignificant influences on

outdoor thermal sensation.

(Galindo and Hermida, 2018;

Shooshtarian and Ridley, 2017)

Experience, expectation, and perceived control (Nikolopoulou and Steemers, 2003) are the most
commonly discussed psychological parameters in outdoor thermal comfort studies, and these
three factors are reviewed below.
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3.1.3.1 Experience

People’s past experiences affect their perception of the outdoor thermal environment. The
temperature at which people feel comfortable will be close to what they have previously
experienced. This hypothesis has been verified by numerous studies. For example, the
synthesized analyses of global outdoor thermal comfort pattern by Potchter et al. (2018) and
Cheung and Jim (2018a) indicate that the neutral PET in different cities is strongly associated
with the local background air temperature. The examination of an outdoor thermal comfort
database of 14 cities in Europe by Nikolopoulou and Lykoudis (2006) concluded that the neutral
air temperature in autumn was higher than that in spring. This finding shows that occupants’
perception of a given season was affected by their experience of the preceding season. For
example, an occupant’s perception of autumn is affected by his/her experience of summer, and
the perception of spring by his/her experience of winter.

3.1.3.2 Expectation

People’s past experience, rather than the current thermal environment, determines their
expectation of what it should be. Thus, experience directly affects expectation (Nikolopoulou
and Steemers, 2003). Such expectation influences the subjective thermal sensation. In Greece,
for example, where hot summers are expected, people have learned to cope with and are not
seriously affected by the hot weather, and thus the percentage of hot discomfort vote was found
to be low in summer (Tseliou et al., 2015). In cold winters in Harbin, China, when people are
routinely exposed to the cold outdoor thermal environment, their thermal sensation in late
winter was one unit higher than that in early winter, even under the same PET (Chen et al.,
2018). Lam et al. (2018b) suggested that the thermal expectation of visitors affected their
perception during a heat wave; under the same PET value, their thermal sensation during the
heat wave was higher than that during a non-heat wave period.

The expectation of subjects about particular environmental parameters may also affect their
overall thermal sensation. A study by Li et al. (2018) in Hong Kong found that subjects who
expected higher wind and weaker solar radiation had significantly higher thermal sensation than
those who desired lower wind and stronger solar radiation. Tourists may have a particular
expectation about the thermal environment of their destinations. As a result, the comfort
perception of tourists may be fundamentally different than that of local citizens. For example,
the preferred air temperature identified for Caribbean beach tourists (Rutty and Scott, 2015)
was 18 °C higher than that in urban parks of Lisbon (Andrade et al., 2011). Meanwhile, the
investigation by Rutty and Scott (2015) found that when UTCI was as high as 39.2 °C, 62% of
interviewed beach tourists still preferred that the thermal environment remain unchanged, and
10% desired an even warmer thermal environment.

3.1.3.3 Perceived control/autonomy

Perceived control is the phenomenon in which, if people have a high degree of control over a
source of discomfort, then they have high tolerance toward their environment (Nikolopoulou
and Steemers, 2003). In some studies, perceived control is referred to as “autonomy.” Different
types of activity in outdoor spaces correspond to different degrees of autonomy, and may lead
to different levels of thermal comfort. People engaged in activities such as recreation, relaxation,
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exercise, etc., have a high degree of autonomy because they can move to another location or
simply leave the space at any time. In contrast, people who enter a space in order to attend to
children, work, or simply pass through, have a low degree of autonomy. It has been found that
high-autonomy groups have a higher thermal comfort level or a more neutral thermal sensation
than do low-autonomy groups (Elnabawi et al., 2016; Johansson et al., 2018; Lam et al., 2018b;
Lin et al., 2013b; Lindner-Cendrowska and Blazejczyk, 2018). However, according to tests
conducted by Shooshtarian and Ridley (2017) and Yang et al. (2013a), “purpose of visit” did
not have a statistically significant influence on outdoor thermal sensation.

3.1.3.4 Other factors

In addition to experience, expectation, and perceived control, Nikolopoulou and Steemers (2003)
included naturalness, environmental stimulation, and time of exposure in their framework of
psychological adaptation. However, these factors have not been addressed frequently in studies.

Shooshtarian and Ridley (2017) examined the impact of the weather forecast, and Galindo and

Hermida (2018) evaluated the influence of emotion (pleasant/unpleasant) and security

(safe/unsafe). According to the results, all of the above factors had a statistically insignificant

influence on outdoor thermal sensation.

3.2. Indirect influences
This section provides reviews seven indirect influence factors, namely, behavioral, personal,
social and cultural factors, thermal history, site, and alliesthesia.

3.2.1 Behavioral factors

Occupants often adapt to the outdoor thermal environment by changing their surroundings (such
as seeking shade) or adjusting their own thermal state (such as removing a layer of clothing).
In addition to particular adaptive behaviors, attendance in spaces is a frequently studied
phenomenon. This section reviews the behavioral factors and the main findings are summarized
in Table 6.

Table 6. Summary of the influence of behavioral factor on outdoor thermal comfort.

Factor Sub-factors Summary Reference
Attendance increased with thermal indices in | (Chen et al., 2015; Lai et al.,
cool season, while in the hot season, | 2019a; Lai et al., 2014b; Li et al.,
attendance decreased with thermal indices. 2016; Lin et al., 2013a; Lin et al.,
2012; Lin et al., 2013b; Zeng and
Dong, 2015)
Number of people continued to increase as | (Eliasson et al., 2007;
Behavioral Attendance weather became warmer in temperate climate. | Nikolopoulou et al, 2001;

Thorsson et al., 2004)

Intense activity was sensitive to hot, and less

sensitive to cold.

(Huang et al., 2016; Lai et al.,
2019a)

Attending children is sensitive to both hot and

cold.

(Lai et al., 2019a; Lin et al.,
2013b)

Optional activity sensitive to thermal

(Sharifi et al., 2015)
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environment, necessary activity resilient to
heat stress, social activity more affected by

time and organizational adjustment.

Attendance of a space was related to life

pattern.

(Chow et al., 2017; Lai et al.,
2019a; Li et al., 2016; Zacharias et
al., 2001)

Seeking shade was the most selected adaptive

behavior in outdoor spaces.

(Elnabawi et al., 2016; Lin, 2009;
Lin et al., 2013b; Wang et al.,

2017; Yang et al., 2013a)

(Lai et al., 2019a; Li et al., 2016;
Martinelli et al., 2015; Watanabe
and Ishii, 2016; Zacharias et al.,
2001)

. Quantitative  description of  occupants
Seeking shade

interactions with shading as the thermal

environment changes.

Wide regional difference in clothing. (Aljawabra and Nikolopoulou,
2018; Chen et al., 2018; Elnabawi
et al., 2016; Fang et al., 2018; Lai
etal., 2014a; Lam et al., 2018b; Li
etal., 2016; Lin et al., 2011; Lin et
al., 2013b; Lindner-Cendrowska,
2013; Metje et al., 2008; Pantavou
et al., 2013; Salata et al., 2018;
Thorsson et al., 2004; Yahia and

Johansson, 2013)

Changing clothes

3.2.1.1 Attendance

Attendance is an external indicator of people’s satisfaction with the outdoor thermal
environment. Microclimatic parameters such as air temperature, thermal radiation, wind speed,
and humidity can influence the number of people in an urban open space. Among these four
microclimatic parameters, air temperature and solar radiation have exhibited a stronger
association with attendance than have wind speed and humidity (Nikolopoulou and Lykoudis,
2007; Watanabe and Ishii, 2016). Chueng and Jim (2018b) found that integrated thermal indices
such as PET and UTCI were more closely associated with attendance than air temperature alone.

Usually, the largest number of people are present in an outdoor under optimum thermal comfort.
According to studies (Lai et al., 2019a; Lai et al., 2014b) in a housing community in Wuhan,
China, and in a park in Tianjin, China, attendance reached a maximum when the thermal
sensation of occupants was neutral. Moreover, an investigation by Lin et al. (2012) in Taiwan
found that largest number of people were present in the park during periods of 26-30 °C PET,
which corresponds to the comfortable range in Taiwan (Lin and Matzarakis, 2008). When the
outdoor thermal environment deviated from the comfortable range, people “voted with their
feet” by moving to shady/sunny locations, or simply left the space. Typically, in the cool season,
the number of people in outdoor spaces has been found to be positively correlated with thermal
indices, while in the hot season, the correlation has been negative. This phenomenon was
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demonstrated repeatedly in studies in Guanghzou, China (Li et al., 2016), Taiwan (Lin et al.,
2013a; Lin et al., 2012; Lin et al., 2013b), Chengdu, China (Zeng and Dong, 2015), and
Shanghai, China (Chen et al., 2015). However, in temperate regions, such as in Cambridge, UK
(Nikolopoulou et al., 2001), and Gothenburg, Sweden (Eliasson et al., 2007; Thorsson et al.,
2004), as the weather became warmer, the number of people continued to increase.

Cool and warm thermal environments may have different effects on attendance in outdoor
spaces. According to a study in Taiwan (Lin et al., 2013a), a warmer environment led to a faster
decrease in attendance than did a cooler environment. However, a study in Wuhan (Lai et al.,
2014b) reached the opposite conclusion. Meanwhile, analyses by Huang et al. (2016) and Lai
et al. (2019a) indicated that different degrees of sensitivity to warm and cool environments were
associated with different types of activity. The additional metabolic heat generated by intense
activity, such as exercise, made occupants less sensitive to cold than to heat. In contrast,
occupants who were engaged in moderate activities experienced a faster decrease in sensitivity
when the thermal environment became cold than when it became hot. Certain types of activity,
such as attending to children, were sensitive to both cold and heat (Lai et al., 2019a). This may
have been due to the high expectation of the children’s parents or grandparents in regard to the
thermal environment; i.e., concern that the children might suffer from adverse environmental
conditions. Lin et al. (2013b) made a similar observation in Taiwan, where they found that the
number of people in a children’s playground was more sensitive to the microclimate than in
other places.

Gehl (2011) classified outdoor activities into necessary, optional, and social activities.
According to observational data collected in Adelaide, Australia, by Sharifi et al. (2015),
optional activity was greatly affected by the outdoor thermal environment, while necessary
activity was more resilient to heat stress. For social activity, although outdoor thermal comfort
was one of its influencing factors, it was found to be more sensitive to time and organizational
adjustment than to heat stress. Similarly, some researchers have shown that outdoor activities
are significantly impacted by the time of day. This may be related to people’s tendency to
conduct certain activities at certain times. Similar temporal usage patterns have been revealed
in many studies. For example, in a housing community in Guangzhou, China (Li et al., 2016),
a park in Taiwan (Chow et al., 2017), and a park in Tianjin, China (Lai et al., 2019a), the
attendance exhibited two peaks, in the morning and afternoon, and the number of people was
lower at noon. The occupants of these sites were mainly residents from the nearby housing
communities, and they may have been in the habit of going home for lunch and taking a nap
afterward. However, in a study in downtown Montreal, Canada, by Zacharias et al. (2001), the
maximum number of people in an urban open space appeared at noon on work days. The reason
may have been that the users in Zacharias’s study (2001) were primarily workers from adjacent
buildings, and on work days, they had free time only during the noon break.

3.2.1.2 Seeking shade

To adapt to the outdoor thermal environment, people adopt behaviors that change the
surrounding microclimate or their own thermal state. A number of researchers (Elnabawi et al.,
2016; Lin, 2009; Lin et al., 2013b; Wang et al., 2017; Yang et al., 2013a) have directly asked
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respondents to select the actions they would take to adapt to the outdoor environment, including
seeking shade, using shading devices such as a hat or umbrella, consuming drinks, changing
clothing, or leaving the outdoor space. Among all the choices, seeking shade was the most
frequently selected behavior. The percentage for seeking shade was almost twice the percentage
for any of the other choices. In hot-climate Taiwan (Lin et al., 2013a; Lin, 2009) or Singapore
(Yang et al., 2013a), the percentage for seeking shade was as high as 80%. Chueng and Jim
(2018b) demonstrated that attendance in shaded spaces in Hong Kong was twice that in
unshaded spaces.

Because of the importance of shade, researchers also investigated people’s interactions with
shade in outdoor spaces. Lai et al. (2019a) observed that from the cool season to the hot season,
people gradually moved from sunny spaces to shaded spaces. Li et al. (2016) determined the
percentages of people in sunny and shaded spaces under different air temperature ranges in
Guangzhou, China. When the air temperature was between 14 and 18 °C, 80% of occupants
were in sunny locations. This percentage decreased to 50% when the air temperature increased
to 22 to 26 °C, and almost no occupants were in the sun when the air temperature was between
30 and 34 °C. In downtown Montreal, Zacharias et al. (2001) noted people’s tendency to move
into the shade when the air temperature was over 20 °C. However, Watanabe and Ishii (2016)
found that at 32 °C, 50% of occupants were still in the sun while waiting for a traffic light.
Because this waiting time was relatively short, people may have been able to endure greater
solar radiation. In a square in Rome, Italy, in summer, Martinelli et al. (2015) discovered that
occupants’ location changed with the daily shade pattern. The above examples illustrate the
need to take shade into account in the design of comfortable outdoor spaces.

3.2.1.3 Changing clothes

The amount of clothing worn by a person affects the heat balance of his/her body and has a
considerable impact on thermal comfort. The adjustment of clothing insulation in response to
the outdoor thermal environment has been documented in studies in various cities. Most of these
studies determined the relationship between clothing insulation and air temperature. Several
studies analyzed the clothing insulation trend with respect to PET (Elnabawi et al., 2016; Yahia
and Johansson, 2013), wet bulb globe temperature (WBGT) (Lin et al., 2013b), or mean radiant
temperature (Tmrt) (Thorsson et al., 2004). Tables 3 and 4 summarize the associations between
air temperature and clothing. Table 3 shows regressed equations, while the studies in Table 4
only provided scatter points of averaged clothing insulation for certain air temperatures.

Figure 3 is a summary of the regressed equations and scatter points from Tables 7 and 8. It is
obvious that clothing insulation decreased with an increase in air temperature. However, the
decrease was slower when the air temperature exceeded 25 °C, probably because the clothing
level had been reduced to socially acceptable limits. It can also be seen that when the air
temperature was lower than 10 °C, the increase in clothing insulation again reached a limit. In
addition to the general trend, Figure 3 shows distinctive differences in the amount of clothing
worn among regions, even under the same air temperature. These differences can be attributed
in part to cultural factors. For example, due to cultural norms, Marrakech residents would wear
clothing that covers most of the body even in summer, while Phoenix residents do not generally
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have such a restriction (Aljawabra and Nikolopoulou, 2018). As a result, the clothing insulation
value for Marrakech residents was almost two times that for Phoenix residents. Furthermore,
the regional difference in clothing insulation changed with the air temperature. The difference
was small under high air temperature but became large when the air temperature decreased. For
example, when the air temperature exceeded 30 °C, the regional difference in clothing insulation
was less than 0.25 clo. However, at 10 °C, the largest difference was close to 1.0 clo.
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Figure 3. Change in clothing insulation in relation to air temperature.

Table 7. Regressed equations for clothing insulation in relation to air temperature, from the literature

Author, Date Cities Regressed Equations

(Pantavou et al., 2013) Athens, Greece y=1.15+0.02 T, - 0.003 7,2+ 0.00005453 T,}
(Aljawabra and Marrakech, Morocco

Nikolopoulou, 2018) y=-0.0238 7, + 1.3265

(Aljawabra and Phoenix, US

Nikolopoulou, 2018) y=-0.0131 7, + 0.7537

(Chen et al., 2018) * Harbin, China y =-0.0009 T,>- 0.0272 T, + 1.7248

(Fang et al., 2018) Guangzhou, China y=-0.0326T,+ 1.4054

(Salata et al., 2018) Rome, Italy y=-0.0357 T, + 1.5743

* Regressed by the authors

Table 8. Studies providing scatter-point associations between clothing and air temperature

Author, Date Cities

(Metje et al., 2008) Birmingham, UK

(Lin et al., 2011) Taichung, Yunlin, and Chiayi, Taiwan
(Lindner-Cendrowska, 2013) Warsaw, Poland

(Lai et al., 2014a) Tianjin, China
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(Lietal., 2016)
(Lam et al., 2018b)

Guangzhou, China
Melbourne, Australia

(For visitors from Australia, China, Europe, and North America)

3.2.2 Personal factors

Because of individual differences, subjects may have different thermal perception, even if they
are exposed to the same thermal environment. In outdoor thermal comfort studies, researches
have documented and analyzed personal differences in outdoor thermal comfort due to gender,
age, skin color, and body weight. The research efforts of personal difference on outdoor thermal
comfort is reviewed in this section and the summary is provided in Table 9.

Table 9. Summary of the influence of personal factor on outdoor thermal comfort.

Factor Sub- Summary Reference

factors
Descriptively, females were more | (Ali and Patnaik, 2018; Amindeldar et al., 2017; Brode
sensitive than males, but the difference | et al., 2012b; Galindo and Hermida, 2018; Knez and
was small. But no statistical significance | Thorsson, 2006; Kruger and Drach, 2017; Kriiger and
had been detected. Rossi, 2011; Lai et al., 2017b; Lam and Lau, 2018;

Lindner-Cendrowska and Blazejczyk, 2018; Pantavou
et al, 2013; Shooshtarian and Ridley, 2016b;

Gender Villadiego and Velay-Dabat, 2014; Yang et al., 2017)
Females showed higher tolerance to cold | (Cohen et al., 2019)
than males.

Personal

Females preferred weaker sunshine, | (Huang etal., 2016; Oliveira and Andrade, 2007; Rutty
cooler environment, and had stronger | and Scott, 2015; Tung et al., 2014)
negative reaction to wind than males.
The elderly was the least sensitive and | (Amindeldar et al., 2017; Andrade et al., 2011; Kruger
had the greatest acceptance to thermal | and Drach, 2017; Kriiger and Rossi, 2011; Lai et al.,
environment among all groups. 2014a; Lindner-Cendrowska and Blazejczyk, 2018;

Age Yang et al., 2017)
Observed increased sensitivity for | (Pantavou et al., 2013)
persons aged over 55.

3.2.2.1 Gender

After data collection, some researchers divided the data by gender and compared the outdoor
thermal comfort for males and females. Although different methods were applied in the analyses,
most studies found that females were more sensitive to outdoor thermal environment than males.
Several researchers simply compared the distribution of thermal sensation vote for male and
female groups (Lindner-Cendrowska and Blazejczyk, 2018; Pantavou et al., 2013; Villadiego
and Velay-Dabat, 2014), and found that males had higher percentages of “neutral” votes than
females. Other researchers compared the mean thermal sensation for both genders under
different ranges of air temperature. In Umea, Sweden, Yang et al. (2017) found that females felt
warmer than males when the air temperature was high, and colder than males under low air
temperature. Lam and Lau (2018) demonstrated that when the air temperature was above 24 °C,
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the thermal sensation for females under 65 was constantly higher than that for males. A number
of researchers obtained regressed equations of thermal sensation against thermal indices such
as PET and UTCI for both genders. For all the developed regressed equations, the slopes of the
female lines were greater than those of the male lines (Amindeldar et al., 2017; Galindo and
Hermida, 2018; Kruger and Drach, 2017; Kriiger and Rossi, 2011; Lai et al., 2017b;
Shooshtarian and Ridley, 2016b). Only Cohen et al. (2019) reported that in Beer Sheva, Israel,
females had shown higher tolerance to cold than did males. Overall, the differences between
females and males as found in the studies were very small. Therefore, some researchers have
claimed that the gender difference is negligible (Lai et al., 2017b). In numerous cases, statistical
tests have been applied to further examine the gender difference (Ali and Patnaik, 2018; Brode
et al., 2012b; Galindo and Hermida, 2018; Knez and Thorsson, 2006; Kruger and Drach, 2017;
Shooshtarian and Ridley, 2016b; Villadiego and Velay-Dabat, 2014). However, no statistical
significance has been detected in any of these studies.

Differences in preference of microclimate parameters between males and females have been
examined in multiple studies. For example, Tung et al. (2014) found that females in Taiwan
preferred weaker sunshine than did males. Oliveira and Andrade (2007) showed that females in
Lisbon had a stronger negative reaction toward wind than did males. According to a study of
tourists on a Caribbean beach by Rutty and Scott (2015), women preferred a cooler thermal
environment than men. Huang et al. (2016) also confirmed females’ preference for a cool
environment. These studies all indicated that women had a lower tolerance to the outdoor
thermal environment than men. In addition to psychological perception, gender differences in
physiological and behavioral aspects have been investigated. In an outdoor walking test,
Nakayoshi et al. (2015) found a higher sweat rate in males than females. Watanabe and Ishii
(2016) found that in Japan, females were more careful in protecting themselves from solar
radiation than males, through the use of hats and parasols.

3.2.2.2 Age

In addition to gender, age is an important personal factor in outdoor thermal perception.
Following a similar approach to that used for gender influence, researchers separated the data
according to the age of respondents and compared the thermal sensation distributions (Lai et al.,
2014a; Yang et al., 2017) or regressed equations (Amindeldar et al., 2017; Kruger and Drach,
2017; Kriiger and Rossi, 2011) of the different age groups. The above studies found that senior
citizens as a group were the least sensitive to the outdoor thermal environment. Only Pantavou
et al. (Pantavou et al., 2013) observed increased sensitivity for persons aged over 55.
Furthermore, statistical tests have been performed to examine the effect of age on outdoor
thermal sensation. Among seven studies (Brode et al., 2012b; Galindo and Hermida, 2018; Knez
and Thorsson, 2006; Kruger and Drach, 2017; Lindner-Cendrowska and Blazejczyk, 2018;
Pantavou et al., 2013; Shooshtarian and Ridley, 2016b), only one investigation found that age
had a statistically significant influence on thermal sensation. Besides being less sensitive to the
thermal environment, older subjects exhibited greater acceptance of the environment (Andrade
et al., 2011; Lindner-Cendrowska and Blazejczyk, 2018). One reason may have been the more
highly insulated clothing worn by the elderly, as observed by Lai et al. (2014a) and Andrade et
al. (2011).
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3.2.2.3 Skin color and body weight

Meanwhile, skin color may influence outdoor thermal comfort by affecting the amount of solar
radiation absorbed by the body. Only three studies (Galindo and Hermida, 2018; Kruger and
Drach, 2017; Shooshtarian and Ridley, 2016b) examined the influence of skin color, and they
reported different results. Although all three studies performed statistical tests, only Kruger and
Drach (2017) determined that skin color had a statistically significant influence on outdoor
thermal sensation. In addition to statistical tests, Shooshtarian and Ridley (2016b) and Kruger
and Drach (2017) plotted the mean thermal sensation against the changing outdoor thermal
environment for groups with different skin color. Shooshtarian and Ridley (2016b) observed
higher sensitivity for subjects with dark skin than those with light skin. Within the research
scope of Kruger and Drach (2017), although the thermal sensitivity for dark-skinned
respondents was lower than for light-skinned subjects, the absolute thermal sensation for the
dark-skinned group was consistently higher than for the light-skinned group.

Kruger and Drach (2017) categorized interviewees by weight—normal, overweight, and
obese—and found that those of normal weight had the highest thermal sensation, followed by
those who were overweight. Obese people had the lowest thermal sensation. The differences in
thermal sensation among normal-weight, overweight, and obese people were found to be
statistically significant. Body weight has also been found to influence physiological aspects.
Nakayoshi et al. (2015) demonstrated that overweight subjects sweated more than normal-
weight and underweight subjects.

3.2.3 Social factors

Urban open spaces are created and used by people. Therefore, it is important to consider human
and social factors in research on outdoor thermal comfort. Nevertheless, few researchers have
studied the impact of social factors on outdoor thermal perception, and according to the current
studies, no consistent conclusion has been reached, as shown in Table 10.

Table 10. Summary of the influence of social factor on outdoor thermal comfort.

Factor Sub-factors Summary Reference
Position No consistent conclusion, Shooshtarian and Ridley | (Galindo and Hermida, 2018;
(2016b) found statistically significant difference, | Shooshtarian and Ridley,
while Galindo and Hermida (2018) didn’t. 2016b)
No consistent conclusion, Shooshtarian and Ridley | (Galindo and Hermida, 2018;
(2016b) found statistically significant difference, | Shooshtarian and
i Companion while Galindo and Hermida (2018) didn’t. Rajagopalan, 2017;
Social Shooshtarian and  Ridley,
2016b)
) No consistent conclusion, Aljawabra and | (Ali and Patnaik, 2018;
::(:::)_mical Nikolopoulou (2018) showed greater sensitivity of | Aljawabra and Nikolopoulou,
evel higher socio-economical level, while Ali and Patnaik | 2018)
(2018) didn’t find statistically significant impact.
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Shooshtarian and Ridley (2016b) defined social factors as position (academic and non-academic)
and companion (with and without company), and showed that both factors had a statistically
significant impact on outdoor thermal sensation. Shooshtarian and Rajagopalan (2017) further
found that people with company had lower sensitivity to the outdoor thermal environment than
people without company. In a similar analysis to that of Shooshtarian and Ridley (2016b) in
regard to the impact of social factors, Galindo and Hermida (2018) subdivided the position
factor into student and non-student categories. However, neither the position factor nor the
companion factor had a statistically significant impact on outdoor thermal comfort in Galindo
and Hermida (2018). Meanwhile, some researchers have analyzed the influence of socio-
economic level on outdoor thermal comfort. While Ali and Patnaik (2018) did not observe a
statistically significant impact, Aljawabra and Nikolopoulou (2018) showed that people with
higher socio-economic level were more sensitive to the outdoor thermal environment.

3.2.4 Cultural factors
This section reviews the rich implication of cultural factor has on outdoor thermal comfort, and
the main findings is summarized in Table 11.

Table 11. Summary of the influence of cultural factor on outdoor thermal comfort.

Factor Sub-factors Summary Reference
Scandinavian residents long for the sun, they consider | (Gehl, 2011; Thorsson et
Ideal of beauty/ ) ) .
suntanned skin as beauty, while east Asians considers | al., 2007; Tung et al,
sun preference
fair skin tone as beauty. 2014)
Japanese might evaluate outdoor spaces more | (Knez and Thorsson,
National
modestly than Swedes. 2006; Knez and Thorsson,
characteristics
Cultural 2008)
Cultural norms lead to different clothing behavior | (Aljawabra and
between Marrakech and Phoenix (Aljawabra and | Nikolopoulou, 2018;
Cultural norms Nikolopoulou, 2018) residents and shading behavior | Elnabawi et al., 2016)
between females and males in Cairo (Elnabawi et al.,
2016).

To analyze the influence of socio-economic level, Aljawabra and Nikolopoulou (2018) pooled
data from Marrakech and Phoenix, cities with different cultural traditions. Uncertainty may
have been introduced into this pooling process by the complex behavioral, physiological,
psychological, and economic aspects of culture. For example, Shooshtarian and Ridley (2016b)
and Galindo and Hermida (2018) both found that different cultural backgrounds gave rise to
statistically significantly different thermal comfort levels. However, since occupants from
different backgrounds may also have lived in different climates, it is possible that the thermal
sensation differences between subjects with different cultural backgrounds were largely due to
physiological acclimatization and psychological adaptation. Culture may also influence
people’s clothing-related behavior. The influence of culture on clothing was discussed in
Sections 3.2.1 and 4.1. People’s psychological attitudes toward certain microclimate parameters,
such as sun exposure, may also be influenced by culture. Thorsson et al. (2007) identified a
difference in attitude toward the sun between Japanese and Swedish people. In Scandinavian
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countries, where the winters are dark, residents long for the sun (Gehl, 2011). Furthermore,
suntanned skin is considered beautiful in Scandinavia, and sunbathing is a frequent activity. In
Japan, by contrast, the ideal of beauty is fair skin; people tend to avoid sun exposure. Knez and
Thorsson (2006; 2008) pointed out that national characteristics can influence people’s choices.
For example, the Japanese might evaluate outdoor spaces more modestly than Swedes.

3.2.5 Thermal history

The thermal environment experienced by subjects in the past can influence their current thermal
perception, and the influence of thermal history can be categorized into long-term and short-
term. The use of air conditioners is an example of subjects’ thermal history. Table 12 is a
summary of thermal history factor from the literature.

Table 12. Summary of the influence of thermal history factor on outdoor thermal comfort.

Factor Sub-factors Summary Reference
Long-term Longer residence time led to higher | (Chen et al., 2015; Gosling et al., 2014;
acceptance to the environment. Lindner-Cendrowska and Blazejczyk,
2018; Makaremi et al., 2012; Yang et al.,
2017)
Climate of former residence of residents | (Wang et al., 2017; Wang et al., 2018;
affects their thermal sensation. Yao et al., 2018)
Thermal Longer exposure in the outdoor space led to | (Chen et al., 2015; Kriiger et al., 2017,
history Short-term more neutral perception and reduced | Thorsson etal., 2004; Yang et al., 2013a)

prediction error of steady state models.

(Long-term) Air conditioner usage increased | (Kriiger et al., 2015; Yahia and
people’s sensitivity to outdoor thermal | Johansson, 2013)

Use of air | environment.

conditioner (Short-term) Using air conditioner just | (Johansson et al., 2018; Middel et al.,
before exposing in outdoor environments in | 2016; Ng and Cheng, 2012)

summer lowered thermal sensation.

3.2.5.1 Long-term thermal history

When people expose themselves to a particular climate for a long period of time, they become
adapted to that climate (Gosling et al., 2014). Many researchers have discovered that compared
to foreign visitors, local residents have a higher percentage of neutral votes. For example,
Lindner-Cendrowska and Blazejczyk (2018) classified interviewees into local, domestic, and
foreign groups, and demonstrated that local respondents had the highest percentage of neutral
thermal sensation vote, followed by domestic and foreign respondents. In a study conducted
during cool months in Shanghai, China, by Chen et al. (2015), respondents who had resided
longer in Shanghai had a higher proportion of neutral sensation votes. In Umed, Sweden, Yang
et al. (2017) found that within the surveyed thermal environment (10 °C < PET < 40 °C), the
thermal sensation of a local person was about 0.8 unit higher than that of a non-local person,
which demonstrated that the local person was more acclimatized to the cold climate of Sweden
than the non-local person. In hot, humid Malaysia, Makaremi et al. (2012) showed that while
local students considered the outdoor thermal environment acceptable, international students
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felt thermally uncomfortable. However, a study by Wang et al. (2017) in the Netherlands did
not detect statistical significance in the relationship between length of residence and thermal
sensation.

In addition to the length of residence, the climate of an occupant’s former residential location
affects his/her outdoor thermal sensation. For example, Yao et al. (2018) found that when
respondents had lived in Shanghai for less than six months, they perceived the environment as
cold if they were from warm regions, and warm or neutral if they were from cold regions.
Studies by Wang et al. (2017; 2018) in Guangzhou, China, and Groningen, the Netherlands,
have found similar results.

3.2.5.2 Short-term thermal history

When people spend time in outdoor spaces, their exposure time is usually in the range of
minutes, and this duration is not sufficient for the human body to reach a steady state. Kruger
et al. (2017) and Thorsson et al. (2004) found that longer exposure time reduced the predictive
error of dynamic thermal sensation (DTS) and PMV models. Field studies in Shanghai, China,
by Chen et al. (2015) and in Singapore by Yang et al. (2013a) reported that with longer exposure
time, people’s thermal sensation became closer to neutral. After analyzing subject test data from
16 volunteers, Kruger et al. (2017) suggested a minimum of 30 minutes of exposure time for
interviewees in outdoor field studies.

3.2.5.3 Use of air conditioner

The use of air conditioning in a building can be considered part of the thermal history of subjects.
Researchers have studied the impact of air conditioner (AC) usage on outdoor thermal comfort.

The influence of AC usage can be categorized into long-term and short-term. From a long-term

perspective, the use of air conditioners may increase occupants’ sensitivity to the outdoor

thermal environment, and thus they become less tolerant to heat stress. Yahia and Johansson

(Yahia and Johansson (2013) found that people who did not have air conditioners at home or at

work had a wider acceptable PET range than those who had air conditioners. Kruger et al. (2015)
divided respondents into AC users, partial AC users, and non-users, and found that within the

studied thermal environment (27 °C < UTCI < 43 °C), AC users had the highest thermal

sensation, followed by partial AC users, and non-users.

However, from a short-term standpoint, people coming from air-conditioned rooms may have
low skin and core temperatures, and thus are less affected by a hot environment. In Guayaquil,
Ecuador, Johansson et al. (2018) found that subjects who had been in air-conditioned rooms 30
minutes before the interview accepted a higher SET* than those who were in the sun 30 minutes
beforehand. Middel et al. (2016) divided surveyed subjects into two groups according to their
exposure to AC five minutes before the survey. The authors (Middel et al., 2016) demonstrated
that the thermal sensation of the exposed group was lower than that of the non-exposed group,
and the difference was statistically significant. Ng and Cheng’s study (2012) in Hong Kong
found that the neutral PET of an AC group was higher than a non-AC group. In contrast, Yang
et al. (2013a) found that in Singapore, the neutral operative temperature for an AC group (28.3
°C) was slightly lower than for a natural ventilation group (28.8 °C). The above studies were all
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conducted under hot climates. Chen et al. (2015) conducted a similar comparison study during
the cool season in Shanghai, China, and no statistically significant difference was observed
between AC and non-AC groups in terms of outdoor thermal sensation.

3.2.6 Site
This section reviews the impact of different sites on outdoor thermal comfort, and Table 13 is a
summary of major findings.

Table 13. Summary of the influence of site factor on outdoor thermal comfort.

Factor Sub-factors Summary Reference

Different sites had different levels | (Ali and Patnaik, 2018; Canan et al., 2019;

of thermal sensation. Cohen et al., 2013; Givoni etal., 2003; Jeong
Microclimatic factors
etal., 2016; Lamarca et al., 2018; Mahmoud,
Site 2011; Xu et al., 2018)
Microclimatic  difference along | (Kruger et al., 2017) (Huang et al., 2017)
Other factors cannot explain the site difference
in TSV.

Distinct thermal comfort levels have been found at different outdoor sites (Ali and Patnaik,
2018; Canan et al., 2019; Cohen et al., 2013; Lamarca et al., 2018; Mahmoud, 2011; Xu et al.,
2018), mainly due to the variations in microclimate in outdoor spaces with different sky-view
factor (SVF), height-to-width ratio (H/W), vegetation cover, and albedo (Sharmin et al., 2015).
For example, Shih et al. (2017) found that the SVF level was associated with PET frequency,
and, consequently, a high-SVF site had a statistically significantly higher TSV than did a low-
SVF site (Shooshtarian and Ridley, 2017). According to Givoni et al. (2003), the largest
difference in TSV among different spaces could be as high as 3 units.

Jeong et al. (2016) compared human thermal responses between an urban forest area and a
central building district in Seoul, Korea. They found that in summer, the urban forest had lower
OUT SET#*, lower human body skin temperature, cooler thermal sensation, and wider
acceptable air temperature range than did the CBD. Other researchers (Huang et al., 2015; Lam
et al., 2018b) have attributed differences in outdoor thermal comfort to air temperature
differences. In contrast, based on a comprehensive analysis, Niu et al. (2015) concluded that
differences in thermal comfort were caused mainly by wind speed and radiant temperature
differences among various outdoor spaces.

Some studies have compared the thermal comfort level in shaded and unshaded spaces. Givoni
et al. (2003) identified a TSV difference of around 1 unit between sunny and shaded areas.
Middel et al. (2016) found that shade reduced TSV by 1 unit in summer. Kantor et al. (2016)
identified a seasonal variation in shade-induced TSV difference. Watanabe et al. (2014) found
that shade provided a greater reduction in heat stress on sunny days than on cloudy days. Several
researchers have further compared the effects of different types of shade. For example, Middel
et al. (2016) showed that the effects of artificial shade (photovoltaic canopy) and natural shade
(tree canopy) were similar, while Watanabe et al. (2014) found that building shade provided
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slightly better performance than pergola shade.

Nevertheless, some studies have found that differences in microclimate in various spaces cannot
fully explain differences in thermal sensation. For example, Kriiger et al. (2017) demonstrated
different thermal sensation levels in spaces with low, medium, and high SVF, even under the
same PET value. The authors found that under moderate heat stress, subjects in a high-SVF
place had greater TSV than medium- or low-SVF places, but the relationship was reversed under
strong heat stress. Huang et al. (2017) compared the thermal sensation in areas underneath
elevated buildings (UEB) and in open spaces. UEB areas were perceived as significantly cooler
than open spaces under the same PET or UTCI range. According to Huang et al. (2017), the
thermal comfort difference between UEB and open areas were likely caused by the
underestimation of certain microclimate parameters' effects on people’s thermal sensation due
to expectation, individual preference, or other physical factors.

3.2.7 Alliesthesia
Some researchers have employed “alliesthesia” to explain phenomena found in outdoor thermal

comfort surveys. This section reviews the alliesthesia factor and a summary is shown in Table
14.

Table 14. Summary of the influence of alliesthesia factor on outdoor thermal comfort.

Factor Sub-factors Summary Reference

Temporal Alliesthesia | Dynamic outdoor thermal environment | (Lai etal., 2017b)
caused fluctuations in skin temperature, and

changed thermal sensation.

A slightly warm thermal sensation | (Lai et al., 2014a; Yao et al.,

) ) considered the most comfortable in cool | 2018)
Alliesthesia . .
season, vice versa in the warm season.

Seasonal Alliesthesia | Preferred temperature much lower than the | (Johansson et al., 2018)

neutral temperature in warm, humid climate.

Winter neutral temperatures were higher | (Spagnolo and de Dear, 2003;

than summer ones. Yahia and Johansson, 2013)

Alliesthesia is a term put forward by Cabanac (1971) to describe the pleasant or unpleasant
feeling caused by an increase or decrease in the deviation from the set point of certain regulated
variables. In the field of the built environment, if the thermal state of a person is displaced from
its set point, then external stimuli from the thermal environment that reduce this displacement
are perceived as pleasant. de Dear (2011) and Parkinson (2016) have proposed alliesthesia as a
systematic theoretical framework to explain the phenomenon of thermal pleasure in an indoor
built environment. The outdoor thermal environment changes in both the short and long term,
and this dynamic environment can increase or decrease the displacement from the set point,
thus also leading to the alliesthesia effect. Researchers have adopted the theory of alliesthesia
to explain various phenomena observed in outdoor thermal comfort studies.

3.2.7.1 Temporal alliesthesia
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In the short term, the dynamic nature of the outdoor thermal environment, especially changes
in wind speed and solar radiation, cause fluctuations in skin temperature, and the difference
between actual skin temperature and the “setpoint” skin temperature fluctuates as well. Lai et
al. (2017b) have provided examples of alliesthesia during subject tests. In a case conducted in
a cold environment, the mean skin temperature of a tested subject fell to 28.5 °C at the end of
the first half hour of exposure, and the thermal sensation decreased to -3 (cold). During the
second half of the test, a reduction in wind speed caused the mean skin temperature of the
subject to increase slightly, by 0.5 °C, but the thermal sensation increased significantly, from -
3 to 1 (slightly warm). Becker et al. (2003) found that after a certain period of exposure under
heat stress, even slight cooling could induce feelings of comfort, although the authors (Becker
et al., 2003) attributed this phenomenon to expectation. In addition to short-term temporal
alliesthesia, spatial alliesthesia may exist outdoors. The non-uniform, dynamic outdoor thermal
environment may cause the skin temperature of various local body segments to change in
opposite directions, and thus create positive comfort sensation (Parkinson and de Dear, 2015).
For example, while wind cools most parts of the body, the non-uniform solar radiation may
warm other segments. Parkinson and de Dear (2015; 2016) demonstrated the existence of spatial
alliesthesia caused by contact heating and air movement in an indoor climate chamber. However,
no studies have addressed spatial alliesthesia in outdoor spaces.

3.2.7.1 Seasonal alliesthesia

Meanwhile, in outdoor spaces, “seasonal alliesthesia” has been observed by Lai et al. (2014a)
and Yao et al. (2018). In the cool season, a slightly warm thermal sensation was considered as
the most comfortable, while in the warm season, a slightly cool thermal sensation was perceived
as the most comfortable. Johansson et al. (2018) found that in warm, humid Guayaquil, Ecuador,
the preferred temperature was much lower than the neutral temperature, demonstrating that
local people expected a cooler environment. This phenomenon was also attributed to alliesthesia
by Johansson et al. (2018). Spagnolo and de Dear (2003) and Yahia and Johansson (2013) found
in their field surveys that winter neutral temperatures were higher than summer ones, and they
identified alliesthesia as the reason for this phenomenon. However, in other studies, the winter
neutral temperatures were lower than the summer values, and researchers attributed this to
adaptation factors such as experience and expectation. Such a difference in results and
explanations suggests that further analysis is warranted.

4. Discussion

4.1 Interactions among influencing factors

As outlined before, indirect factors influence outdoor thermal comfort through direct factors.
For example, the phenomenon of temporal alliesthesia arises from dynamic changes in skin
temperature and alters the general relationship between physiological response and
psychological perception. In addition to temporal alliesthesia, thermal history can serve as an
example of how indirect factors are based on direct factors. In the short term, thermal history
influences outdoor thermal comfort because the skin temperature of the human body does not
become balanced within a short period of time, due to the difference between the indoor thermal
environment and outdoor microclimate. Whereas the effect of short-term thermal history is
determined mainly by physiological factors, the effect of long-term thermal history is greatly
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impacted by experience, a psychological factor.

Indirect factors may interact with one another. Taking the interactions between personal and
behavioral factors as an example, it is often observed that the elderly wear more clothing than
other age groups to compensate for their lower metabolic rate (Schofield, 1985). Culture-
influenced behavior has also been shown to impact outdoor thermal comfort. In the Royal
Botanic Garden in Melbourne, Australia, during the summer, Chinese visitors’ clothing
insulation was approximately 0.1 clo greater than that of western visitors (Lam et al., 2018b).
The explanation offered by the authors was that East Asians, including Chinese, consider a light
skin tone to be an important component of beauty. As result, Chinese visitors, especially females,
covered more of their body with clothing than western visitors (Tung et al., 2014). In Cairo,
Egypt, because of conservative culture traditions, only 2% of the interviewed women chose to
adapt to the hot outdoor thermal environment by reducing clothing. In contrast, 14% of surveyed
men selected clothing reduction as an adaptive strategy. Culture may also influence other
behavior such as seeking shade. Elnabawi et al. (2016) identified different behavioral adaptation
strategies between genders in Cairo, Egypt. For example, while as many as 48% of males chose
moving to shade as an adaptive behavior, only 8% females selected this choice. The authors
(Elnabawi et al., 2016) have attributed this difference to the conservative culture in the studied
area, where separation of men and women is common.

Other examples of interactions between influencing factors are available, in addition to the cases
described above. For instances, people at different socio-economic levels may have different
degrees of access to air conditioners, and thus different thermal histories. The purpose of this
section is not to discuss all possible interactions. Studies may be designed and conducted to
examine further connections among the influencing factors.

4.2 Adaptation

Adaptation is defined as the gradual decrease in an organism’s response to repeated
environmental stimulation, allowing the organism to survive in a given environment (Brager
and de Dear, 1998). Adaptation is often used to explain the high level of acceptance of the
outdoor thermal environment by occupants, and the climatic patterns of outdoor thermal
comfort.

In an outdoor space, occupants usually have a high acceptance level, even though they are
exposed to wide ranges of climatic parameters. For example, Nikolopoulou and Lykoudis (2006)
determined that the overall comfort levels for outdoor spaces were over 75% according to a
dataset of nearly 10,000 questionnaires collected in 14 cities across five European countries. In
a field campaign in Tianjin, China (Lai et al., 2014a), 83.3% of interviewed people considered
the outdoor thermal conditions to be acceptable. Besides the high acceptance level, outdoor
thermal comfort has an obvious seasonal pattern. A large number of studies have calculated
seasonal neutral thermal indices. Most of these studies have shown that the neutral temperature
followed a seasonal pattern. For example, in the studies of Lindner and Blazejczyk (2018),
Hadianpour et al. (2018), Aljawabra and Nikolopoulou (2018), Salata et al. (2016), Liu et al.
(2016), Li et al. (2016), and Lin et al. (2011), the neutral thermal indices of the hot season were
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always greater than those of the cold season. Ng and Cheng (2012) and Hwang et al. (2010)
reported a close positive correlation between neutral thermal indices and outdoor air
temperature in Hong Kong (R? = 0.68) and Taiwan (R? = 0.88). In addition to the seasonal
pattern, it has been found that the thermal environment in which people feel comfortable is
close to the local climate (Cheung and Jim, 2018a; Potchter et al., 2018).

The above-mentioned phenomena—the wide acceptance level and the seasonal and regional
patterns—are usually attributed to adaptation. Nikolopoulou and Steemers (2003) characterized
types of adaptation as physical, psychological, or physical. Physical adaptation includes the
changes one makes in order to adjust oneself to the environment or to alter the environment to
one’s needs. Since physical adaption always involve specific behavior, some researchers have
referred physical adaptation as behavioral adaptation (Lin, 2009; Lin et al., 2013b) or adaptive
behavior (Yang et al., 2013a). Examples of behavioral adaptation, such as changing clothing or
seeking sun or shade, were discussed in Section 3.2.1.

Physiological adaptation refers to changes in physiological responses resulting from repeated
exposure to a stimulus, leading to a gradually decreased strain from such exposure.
Nikolopoulou and Steemers (2003) referred to physiological adaptation as physiological
acclimatization and asserted that it is important only under extreme environmental conditions.
Lin (2009) argued that physiological adaptation to a climate is generally slow. This type of
adaptation has not generally been the focus of thermal comfort studies, and no specific examples
were provided in the available studies. To explain psychological adaptation, researchers have
usually employed experience and expectation factors, which are discussed in Section 3.1.3.

Although adaptation provides a reasonable framework for the distinctive features, such as the
wide comfortable range, found in outdoor thermal comfort studies, no attempt has yet been
made to quantify the relative weights of these factors. Such an effort would extend our
understanding of outdoor thermal comfort.

4.3 Practical implications

Understanding thermal comfort is beneficial to the creation of various satisfactory built
environments(He et al., 2019; Lai et al., 2018b; Lan et al., 2018; Lan et al., 2017; Lan et al.,
2011; Shen et al., 2020; Wu et al., 2020; Xia et al., 2020; Xiong et al., 2019), including outdoor
thermal environment. An increased understanding of outdoor thermal comfort would contribute
to the quality of outdoor spaces. Before designing, creating, or retrofitting thermally
comfortable outdoor spaces in certain cities, it would be beneficial to evaluate the existing
conditions by calculating hourly thermal indices such as PET, UTCI, OUT SET* using data
from weather stations. For example, Unger et al. (2018), Algeciras and Matzarakis et al. (2016),
Lin and Matzarakis (2008), and Eludoyin and Adelekan (2013) used weather data to assess the
local thermal comfort conditions in Szeged (Hungary), Barcelona (Spain), Taiwan, and Nigeria,
respectively. Results of outdoor thermal comfort evaluations can also guide people as they
decide which activities to perform and when to do so. For example, in their evaluation of
outdoor thermal comfort by OUT _SET*, Spagnolo and de Dear (2003) found that in Sydney,
mid-summer was more suitable for sedentary activities, while mid-winter was more suitable for
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light activities such as walking. Salata et al. (2018) calculated the seasonal thermal perception
distribution for Mediterranean subjects as they traveled to other cities by using a local thermal
index (the Mediterranean Outdoor Comfort Index, MOCI). This calculation would be useful to
a Mediterranean person in planning travel to destinations with specific climates. In addition to
the general assessment of thermal comfort in a city, weather data can be imported into
microclimate models for evaluation of thermal comfort at specific sites. For example, Honjo et
al. (2018) and Vanos et al. (2019) studied outdoor thermal comfort along the marathon course
of the 2020 Tokyo Olympics. Al-Rabghi et al. (2017) assessed the thermal stress around three
holy mosques.

After assessing thermal comfort, some researchers further investigated design strategies for
improving comfort. As early as 1989, Arens and Bosselmann (1989) used wind tunnel tests and
shading analysis to examine various design strategies for a public square in San Francisco. The
test results suggested that in the San Francisco climate, shade provided a greater improvement
in thermal comfort than did wind acceleration. Meanwhile, Algeciras and Matzarakis (2016)
assessed the strategies of shading, ventilation, and a combination of the two in Barcelona. The
authors concluded that shading was the most effective means of alleviating heat stress, while
modifying the wind speed was more effective in reducing cold stress.

Because of global warming, thermal comfort changes over time. Thorsson et al. (2011), Cheung
and Hart (2014) and Huang et al. (2018) assessed changes in thermal comfort in Gothenburg
(Sweden), Hong Kong, and Taiwan as a result of climate change. Because of differences in the
background climate, these regions exhibited different changes in thermal comfort. For cold-
climate Gothenburg, the reduction in cold stress exceeded the increase in heat stress. As a result,
the number of hours with no thermal stress increased by 40 to 200 hours. However, in hot-
climate Hong Kong and Taiwan, the reduction in cold stress was smaller than the increase in
heat stress. As a result, there was a decrease in the total time with no thermal stress. Meanwhile,
Huang et al. (2018) studied shading at different orientations as a means of mitigating the
negative impact of climate change.

4.4 Future studies

Current studies have provided valuable knowledge about outdoor thermal comfort. However,
the topic is complex, and more effort is required to gain further understanding. On the basis of
the above review, the following studies are recommended:

Making changes to solar radiation and wind speed is the most feasible way to create thermally
comfortable outdoor spaces. Existing studies have addressed the relative influence of these two
parameters. It is possible that their effects are coupled with that of air temperature. Therefore,
to guide the choice of design strategies in different climates, it necessary to comprehensively
compare the impact of wind speed and solar radiation under different air temperature ranges. In
addition, the dynamic, non-uniform nature of outdoor wind and solar radiation may lead to
fluctuations and inhomogeneity in human skin temperature. It would be interesting to
investigate the temporal and spatial thermal alliesthesia caused by the transient and non-uniform
outdoor thermal environment.
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The global indoor thermal comfort databases (de Dear, 1998; Foldvary LicCina et al., 2018)
developed by the American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) have provided valuable open-source research data to the heating, ventilation, and
air conditioning (HVAC) research community. As summarized in Table 1, current outdoor
thermal comfort studies have accumulated over 130,000 sets of observations from around the
world. The development of a standardized outdoor thermal comfort database would provide a
useful resource for the diverse research efforts in this sphere.

According to Section 3.2.3 (social factors), only five studies have addressed the impact of social
factors, and no consistent conclusions have been reached. In these studies, only a few unrelated
social parameters were tested, such as companion, position, and economic level. In the future,
researchers could use a systematic framework to investigate the influence of social factors.

Behavior is an external measurement of people’s satisfaction with the outdoor environment.
Behavioral studies have been far fewer than studies of subjective thermal perception. Additional
studies of attendance and behavior would elucidate people’s diverse requirements for the
thermal environment and facilitate the creation of high-quality urban open spaces.

Further efforts are required to improve the accuracy of existing outdoor thermal comfort models,
since the current models consider only some of the influencing factors. For example, the
definition and calculation process for equivalent temperatures only account for physical,
physiological, and a small number of behavioral influencing factors, and do not consider other
very important aspects, such as psychological, cultural, and social factors. Moreover, some of
the factors may be inaccurately represented in the models. For example, although indices such
as UTCI can account for clothing in the model calculations, the clothing model used to
determine UTCI was based on data from European subjects. Since clothing behavior varies
greatly among regions, errors may arise when UTCI is applied to regions other than Europe.
Another example is the calculation of PET, for which clothing is an input variable. According
to a study by Fang et al. (2018), a change in clothing insulation from 0.3 to 1.2 caused only a
negligible change in PET. For PET and UTCI, the influence of clothing on outdoor thermal
comfort should be determined with greater accuracy. In addition to clothing behavior, many
other factors influence thermal comfort. The effects of some factors are major, while other
factors exert minor, negligible, or unclear influences. Higher priority should be given to factors
with greater impact when researchers develop or refine the models.

5. Conclusions

Urban open spaces with good outdoor thermal comfort conditions attract citizens and improve
the vitality of a city. Therefore, outdoor thermal comfort is an important research issue and the
topic of a growing number of studies. This paper reviewed the benchmarks, the data collection
method, and the models used in these studies. A framework of influencing factors was proposed,
with physical, physiological and psychological factors as direct influences, and behavioral,
personal, social, and cultural factors, thermal history, site, and alliesthesia as indirect influences.
The effects of these factors on outdoor thermal comfort were then reviewed, and the interactions
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among these factors were discussed. The main findings of each influencing factor are provided
in Tables 3 to Table 6, and Table 9 to Table 14, and the novel findings is summarized below:

1) Most studies have found that radiation is a more important parameter than wind speed, but
three studies in a temperate climate determined that wind speed had a greater effect than
radiation.

2) Microclimate parameters such as radiation and wind have dynamic and directional features,
but their dynamic and directional impact on thermal comfort has not been well investigated.

3) Skin temperature has been found to be a good indicator of outdoor thermal comfort. It also
provides a useful mean of recording the dynamic influence of the outdoor thermal
environment.

4) Culture has rich implications, it impacts residents’ behavior and subjective evaluation in
outdoor spaces through cultural norms, national characteristics.

5) Alliesthesia is a notable phenomenon. When the human body or the thermal environment is
at cool condition, a slight warm feeling can lead to high level of comfort, and vice versa.
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