Building and Environment 94 (2015) 644—653

journal homepage: www.elsevier.com/locate/buildenv

Building and
Environment

Contents lists available at ScienceDirect

Building and Environment

Studies of thermal comfort and space use in an urban park square in @CmsMark
cool and cold seasons in Shanghai

Liang Chen * ", Yongyi Wen °, Lang Zhang ¢, Wei-Ning Xiang "

2 School of Geographic Sciences, East China Normal University, Shanghai, China
b Shanghai Key Lab for Urban Ecological Processes and Eco-Restoration, School of Ecological and Environmental Sciences, East China Normal University,

Shanghai, China

¢ Shanghai Academy of Landscape Architecture Science and Planning, China

ARTICLE INFO

Article history:

Received 11 September 2015
Received in revised form

15 October 2015

Accepted 27 October 2015
Available online 31 October 2015

Keywords:

Outdoor thermal comfort
Urban open space
Thermal sensation vote
PET

Cool and cold seasons
Shanghai

ABSTRACT

Outdoor open space is important to cities and can provide benefits for healthy urban living. Among the
many factors that affect space quality and space use, thermal comfort has drawn increasing attention
from both climatologists and planners. Previous studies mostly focus on hot seasons when the primary
concern is to avoid solar exposure and mitigate heat stress. In Shanghai, because of the high indoor
humidity, people prefer to go outdoors and enjoy more sunshine in autumn and winter. This paper
presents a thermal comfort survey in one urban park in Shanghai from November to January to inves-
tigate the role thermal comfort plays in affecting people's evaluation of the outdoor space and activity.
Meteorological measurements, questionnaire surveys and unobtrusive observations were carried out.
Computer simulations were conducted to evaluate the micro-meteorological conditions. The physio-
logical equivalent temperature (PET) was used to evaluate people's objective thermal comfort level based
on micro-meteorological conditions. It is found that visitors' overall comfort was largely affected by their
subjective thermal sensation vote (TSV). In winter TSV showed the strongest positive relationship with
air temperature and solar radiation, which are also the two most important factors that affect visitors'
space use. The study reveals that the neutral PET in Shanghai in winter is around 15—29 °C. It was also
found that duration of stay and length of residence in Shanghai affected visitors' thermal adaptation. This
study can provide understandings of people's outdoor thermal comfort in autumn and winter in
Shanghai and help promote outdoor space use.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

meteorological factors as how they affect visitors' evaluation of
the space is essential for urban space design and city renewal.

More than half of the world's population nowadays lives in
cities. With more people coming to live and work in cities, urban
public open spaces become even scarcer. Urban open spaces, such
as squares, green spaces, or parks can provide environmental,
ecological, social and economic benefits to cities and are indis-
pensable for healthy urban living [1-3]. To improve the quality of
the outdoor environment and attract more people to use the space
is the ultimate goal for urban space design [4,5]. The local micro-
meteorological condition of the urban space, such as air tempera-
ture, wind speed and solar radiation significantly affects visitors'
comfort and behavior. The understanding of important micro-
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Outdoor thermal comfort study has been an active research field
for the past decade [6]. The great majority of the studies are for
open spaces [7—12], while there are also a few studies that focus on
streets, pathways and routes where pedestrian's thermal comfort
conditions were investigated [13—17]. A common agreement has
been reached by researchers and practitioners that outdoor ther-
mal comfort is a complex issue, and a pure physiological approach
which looks at people's thermoregulation is not enough, as people
outdoors are also affected by psychological factors and long term
experience, and cultural background, etc. [18—21]. Previous studies
in this direction mostly focus on summer when the primary
concern is to avoid excessive solar exposure and mitigate heat
stress for outdoor activity [10,22—26]. The few studies that look at
non heat-dominant micro-meteorological conditions include [27]
in Tianjin, a northern China city, and [7] for a city in Taiwan. The
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studies reveal different patterns in terms of people's perception of
the thermal environment. For example, the physiological condition
considered as “cold” by people in Taiwan is only considered as
“neutral” for people in Tianjin [27]. The discrepancy suggests that
the findings are quite sensitive to locations, and are related to the
climate, convention, culture, and lifestyle of the local residents. For
example, Thorsson et al. [24] found that eastern (Japanese) people
tend to avoid direct sunshine and seek shade in summer, while in
Sweden (Europe) sunbathing is a popular outdoor activity even
when the weather is hot. Therefore research findings need to be
interpreted in a societal context to be translated to pertinent design
implications.

Shanghai is the biggest city in China and has a very unique
lifestyle from cities in northern China. For example, in autumn and
winter, because of the high indoor humidity, and no pre-fixed
radiator by housing regulation, people in Shanghai prefer to go
outdoors and enjoy more sunshine when the weather is good. In
such a case, it is interesting to investigate the role thermal comfort
plays in affecting people's assessment of the outdoor space quality
and their activity. The understanding will help to redesign the
outdoor space to attract more people.

The objective of this paper is twofold. Firstly, it aims to examine
the relationship between outdoor micro-meteorological conditions
and people's thermal comfort perception in cool and cold seasons
through questionnaire surveys, meteorological measurements and
physiological modeling, and identify the most important factors
that affect people's evaluation. Secondly, it attempts to relate
people's thermal comfort perception with the space use and
attendance, and provide understandings of climate-sensitive
design that can improve space quality and promote space use. An
urban park square in downtown Shanghai is selected as an example
in this study.

2. Methods
2.1. Study area

Shanghai (30°40’N ~ 31°53'N, 120°51’E ~ 122°12'E), the biggest
city in China, is located on the alluvial terrace of the Yangtze River
delta with average elevation of 4 m above sea level. It has a
northern subtropical monsoon climate, with a mean annual air
temperature of 17.2 °C, and monthly maximum and minimum
mean air temperature of 30.2 °C in July and 1.9 °C in January,
respectively. The mean annual precipitation averages 902.9 mm,
with more than 60% of the rainfall occurring during May and
September (2009—2014 data). The city's administrative boundaries
cover a total terrestrial area of 6340.5 km? excluding estuary wa-
ters. The city has a total population of 24.15 million, including both
permanent and non-permanent residents [28].

Zhongshan Park is located in the center of the Changning dis-
trict, which is one of Shanghai's most developed districts. It has a
size of 214,200 m?, with 118,600 m? of green space with trees and
bushes, 36,900 m? of grassland, and 12,200 m? of waters. The
nearest metro station Zhongshan Park Station is the transit station
for Shanghai metro Line 2, 3 and 4. The surrounding neighborhood
is a mixture of commercial streets and residential community
(Fig. 1, middle). Because of the convenient location and good
environment, a lot of people come to visit this park both on
weekdays and over the weekends. The park has good facilities for
outdoor recreation and exercise. The study site is a square in the
center of the park, with the size of approximately 100 m by 100 m.
The square is surrounded by trees and benches, and is restricted to
pedestrians and baby carriages only. It is next to the main route that
traverses the park, and therefore is used by a lot of visitors for
resting and recreation. There are residential buildings over 200 m

tall to the west of the square outside the park. Fig. 2 shows the
typical scenarios in the square.

2.2. Survey campaign

Questionnaire surveys were carried out from November 2014 to
January 2015. A total of 5 survey trips were conducted, on
November 4th (NOV-04), 14th (NOV-14), December 23rd (DEC-23),
January 08th (JAN-08), and 10th (JAN-10). The two surveys in
November represent the autumn season, and the three surveys in
December and January represent the winter season. The surveys
include different weather conditions, such as sunny or cloudy; on
the other hand adverse weather conditions such as windy, rainy or
snowy days were avoided. The surveys started from 10:00 am to
avoid morning peak hours when a lot of people pass the park going
to work. The surveys ended at 2:00 to 3:00 pm depending on vis-
itors' attendance.

The questionnaire used was constructed based on ISO
10551:1995 Ergonomics of the thermal environment — Assessment
of the influence of the thermal environment using subjective
judgment scales, and the Chinese modified version, GBT 18977-
2003. It consists of three sections. The first section records re-
spondents' thermal sensation and preference. Demographic infor-
mation such as age and gender was collected. The traditional
ASHRAE 7-point TSV scale was adopted to record the respondents’
thermal sensation scale (—3 very cold, —2 cold, —1 a bit cold,
0 neutrality, +1 a bit hot, +2 hot and +3 very hot). Preferences of
the four meteorological factors, i.e., air temperature, wind speed,
relative humidity and solar radiation were described by a 5-point
scale (—2 decrease, —1 little decrease, O stay the same, +1 little
increase, +2 increase). The second section records respondents’
thermal adaptation and deals with the behavioral aspects. Infor-
mation including their thermal experience, trip purpose, activity
type, attitudes towards the urban environment, and social back-
ground such as length of residence in Shanghai was surveyed. The
third section is completed by the interviewers and records the re-
spondents clothing. Fig. 3 shows the used questionnaire. Mean-
while, the number of individuals in the square was counted by
unobtrusive observations together with the use of panoramic pic-
tures at 15 min intervals. Since there were people entering and
leaving the square all the time, so the exact attendance number was
hard to obtain. Therefore the count was rounded to the nearest 5 or
10. The visitors' activity types were also recorded.

2.3. Micro-meteorological measurement and simulation

In-situ micro-meteorological measurements were conducted
for the five surveying days. Two tailor-made mobile micro-
meteorological stations were employed, which collected meteoro-
logical parameters including air temperature (T,), globe tempera-
ture (Tg), relative humidity (RH), wind speed (V) and global
radiation (G). One station was placed at the center of the square
(Point A in Fig. 1 Right), and the other was placed under shading
(Point B in Fig. 1 Right). Fig. 4 shows the micro-meteorological
station. In particular, the globe thermometer consists of a hollow
acrylic ping pong ball coated in flat grey paint, with RAL value of
7001 as suggested by Ref. [29]. The diameter of the globe is 40 mm,
and a HOBO temperature sensor is mounted at the center. Table 1
shows the specifications of the sensors used to measure the
micro-meteorological parameters. The measurement height was
1.2 m, corresponding to the average height of the center of gravity
for adults. The sensors had a sampling rate of 10 s. All instruments
were calibrated in lab before field survey.

On the other hand, computer simulations were conducted to
examine the spatial variation of the micro-meteorological
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Fig. 1. Left: Location of Zhongshan Park in Shanghai. Middle: Google Map showing the study site in Zhongshan Park and surrounding neighborhood. The circle indicates Zhongshan
Park, and the rectangle indicates the study site. Right: Detailed plan of the study site. A and B indicate the positions of the micro-meteorological stations.

Fig. 2. Pictures of the study site, taken between November 2014 to January 2015.

conditions, such as the mean radiant temperature (Ty) Which is
the most important factor that affects thermal comfort. The micro-
meteorological modeling software of SOLWEIG [30,31] was used.
Building database was acquired, and on-site surveys were carried
out to collect information such as tree height, trunk height, and
canopy diameter, which was used as input for SOLWEIG simulation.

2.4. Thermal comfort analysis

The human-biometeorological index of PET [32] was employed
to evaluate visitors' objective thermal comfort level as directed by
the local micro-meteorological conditions. PET is defined as the air
temperature in a typical indoor setting at which the human energy
budget is maintained by the same skin temperature and sweat rate
as those under the conditions to be assessed [33]. PET was selected
because it has been widely used in outdoor thermal comfort studies
in various climates [24,34—37], and it will provide common pro-
tocols for comparison between different studies. The PET value was
calculated by a self-developed graphical user interface (GUI) [38]
based on the MEMI model [33], with input parameters of Ti, Tt
RH (based on which the originally input parameter of vapor pres-
sure required by MEMI was calculated), V and human factors. In
particular, the most important parameter that determines PET is
the T, and it was calculated from the globe temperature Ty with
the commonly adapted methods by Ref. [29].

Tonet = [(Tg + 273.15)* + 1.1 x 108V06/e D4 x (T, — To)]' —
273.15 (1)

where Tg [°C] is the globe temperature, V [m/s] is the air velocity, T,
[°C] is the air temperature, ¢ is the emissivity of the sphere (= 0.97
for a flat grey globe used in this study), and D [m] is the diameter of
the sphere (= 0.04).

3. Results
3.1. Interview results

A total number of 596 eligible questionnaires were collected,
163 for autumn and 433 for winter. 40.9% of the respondents were
male. The most frequent age group was under 30 years old (56.9%),
followed by 30—50 years old (28.7%). Most respondents have lived
in Shanghai for more than 3 years (63.8%). The primary reason for
visiting the park is to rest (42.9%), followed by passing by (24.1%).
Most of them had been walking for the past 15 min (40.1%), fol-
lowed by sitting (27.3%). Most of the respondents had stayed in the
park for 15—30 min (40.3%), followed by shorter than 15 min
(36.2%). The sample information is summarized in Table 2. Table 3
summarizes the number of people in the square at different time
for each survey day. The period between 12:00 to 13:00 was not
included, as during this time most visitors left the park to have
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Questionnaire for thermal comfort survey

Date: yyyy/mm/dd Time: hh:mm

Location: osun oshade

Gender: oM oF

1.Age: 0<29 030-49 0>50
2. How do you feel the current environment (single choice)
overy cold ocold  ma bit cold oneutral oa bit hot ohot overy hot
3. You feel... (single choice)
guncomfortable oOneutral ocomfortable
4. You will be more comfortable if the environment (single choice for each)
temperature: Ocolder oa bit colder Osame Da bit hotter ohotter
wind speed: olower oa bit lower osame oa bit higher ohigher
humidity: odrier oa bit drier osame oa bit wetter owetter
sunshine: Oweaker Da bit weaker osame Da bit stronger ostronger
5. Your purpose for this visit is (single choice)
Opass by omeet with friend orest oexercise
oothers(please specify)
6. Were you in air-conditioned environment for the past 15 minutes? (single choice)
oY oN
7. What is your activity for the past 15 minutes? (single choice)
osports (intense)  Osports (medium) osports(low) ositting ostanding owalking
8. How long have you been here (single choice)
o0<15 min 015-30 min 030-60 min 0>60 min
9. You choose this place because (multiple choices)
oconvenient oOquiet ogood air ogood scene  msafe othermal comfort
oothers
10. Are you a more urban person (enjoying streets, shops, air-conditioning) or a more natural person (enjoying
parks, grass and trees) ?
oNatural oa bit natural Oneutral oa bit urban Ourban
11.How long have you been in Shanghai?
o<1 month ol—3 month 03—6 month ©0.5—1 year o0l—3 years ©>3 years

Fig. 3. Thermal comfort questionnaire used in this study.

lunch, resulting in very low attendance count.
3.2. Meteorological conditions

Table 4 gives the statistical summary of the local micro-
meteorological conditions at the study site during survey period
measured by two micro-meteorological stations. It can be seen that
the two days of NOV-04 and NOV-14 represent the climatic feature
of typical autumn weather in Shanghai, with mean T, around 20 °C,
and RH less than 50%. On the other hand, the coldest day occurred
on JAN-08, with mean T, around 11.8. All 5 days were calm days,
with mean wind speed around 1-2 m/s.

3.3. Micro-meteorological simulation

The computer software of SOLWEIG was calibrated with mea-
surement data. Fig. 5 shows the shadow map at 10:00, 12:00, and

14:00 for each survey day. And Fig. 6 shows the T, map at 10:00,
12:00, and 14:00 for each survey day. It could be seen that the local
micro-meteorological condition in the square was greatly affected
by the buildings over 200 m tall to the west of the square. For all
survey days, after 14:00 most of the square was in shadow casted by
the buildings, resulting very low Tp in winter (below 15 °C). In
contrast, in the morning there was plenty of sunshine in the square,
and local Ty, could be over 40 °C in autumn in sunlit area.

3.4. Thermal sensation vote

Fig. 7 shows the percentage distributions of thermal sensation
votes (TSV) in the study site for autumn and winter. Both distri-
butions follow a “distorted” normal distribution pattern, with the
left side of the bell (cold side) significantly higher than the right
side (hot side). Notably, for the autumn season when the weather
was cool, the highest percentage of TSV was “neutral”, being 69.9%,
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Fig. 4. Micro-meteorological station.

followed by “a bit cold” (19.6%) and “a bit hot” (5.5%). In the winter
season, the highest percentage of TSV was also “neutral”, being
53.6%, followed by “a bit cold” (23.3%) and “cold” (14.1%). The re-
sults agree with the common knowledge that in cold season people
become more accustomed and adapted to coldness, and are
consistent with findings in previous studies in cool and cold sea-
sons [27].

Fig. 8 shows the percentage distribution of comfort vote in
relation to TSV. The figure illustrates the contribution of thermal
comfort perception on visitor's overall evaluation of the square. The
distribution shows that, people normally consider coldness as un-
comfortable in cool and cold weathers. For example, in autumn
57.1% of the respondents considering the environment as “cold” felt
uncomfortable, and only 30.0% of them felt comfortable; on the
other hand, 57.8% of the respondents considering the environment
as “a bit warm” felt comfortable. The winter case showed a more

Table 2
Summary of the sample used in the study.
Sample size 596 %
Gender Male 244 40.9
Female 352 59.1
Age Group Under 30 339 56.9
30 to 50 171 28.7
Above 50 86 144
Length of residence in Shanghai Less than 1 month 42 7.0
1 to 3 months 16 2.7
3 to 6 months 32 54
0.5—1 year 34 5.7
1 to 3 years 92 154
3 years above 380 63.8

Table 3
Attendance count at the square at different time for each survey day. The “—" mark
indicates no data because of the termination of the survey.

10:00 10:30 11:00 11:30 13:00 13:30 14:00 14:30

NOV-04 40 50 60 45 55 40 60 40
NOV-14 75 80 55 50 55 25 — -
DEC-23 40 60 55 30 25 - - -
JAN-08 25 50 25 20 30 25 - -
JAN-10 40 50 60 45 55 40 60 80

significant trend: 66.7% of the respondents considering the envi-
ronment as “very cold” felt uncomfortable, whereas no re-
spondents felt comfortable when they felt “very cold”; in contrast
73.3% of the respondents considering the environment as “a bit
hot” felt comfortable, followed by 50.2% of the respondents who
considered the environment as “a bit cold” and felt comfortable. In
autumn, the rates of respondents voting for uncomfortable, neutral
and comfortable were 13.4%, 36.1% and 51.5%, respectively; whereas
in winter the rates were 23.6%, 45.1% and 31.3%, respectively.

4. Analysis and discussions
4.1. Subjective VS. Objective estimation

The visitors' subjective thermal sensations were characterized
by TSV, and the objective estimation of their thermal comfort level
were calculated by the human-biometeorological index of PET as
determined by the local micro-meteorological factors (Ta, T, V
and RH). To compare between subjective and objective estimations,
Pearson correlation analyses were carried out between TSV and the
micro-meteorological factors and also PET. The results showed that,
in autumn TSV had the strongest correlation with RH, with Pearson
correlation coefficient r = 0.18 (P < 0.01), followed by V with
r = —0.11; in winter, the strongest correlation was with T, with
r = 0.29, followed by PET with r = 0.20, and Ty with r = 0.13, the
correlation with V was also negative, with r = —0.08;

To further examine the relationship between PET and visitors'
subjective thermal sensations and get the neutral PET, the mean
thermal sensation votes (MTSVs) were calculated as suggested by
Ref. [7]. The PET range for autumn season was 13 °C—30 °C, while

Table 1

Meteorological sensors used for micro-meteorological measurement.
Parameter Sensor Range Accuracy
Air temperature (T,) HOBO S-THB-MO002 —40 °C-75°C +0.2 K from 0° to 50 °C
Globe temperature (Tg) HOBO S-TMB-M002 —40 °C-100 °C +0.2 K from 0° to 50 °C
Relative humidity (RH) HOBO S-THB-MO002 0—100% +2.5%
Wind speed (V) AccuSense T-DCI-F900-S-P 0.15—10 m/s +0.05 m/s
Global radiation (G) HOBO S-LIB-M003 0-1280 W/m? +10 W/m? or +5%
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Table 4
Summary of meteorological measurement result.
Date T, (°C) Tg (°C) G (W/m?) RH (%) V (m/s)
Max Min Mean Max Min Mean Max Min Mean Max Min Mean Max Min Mean
NOV-04 21.1 17.8 194 28.8 204 25.7 665.6 79.4 472.9 45.6 34.9 40.8 3.2 0.05 0.98
NOV-14 18.9 15.2 17.0 26.1 18.0 223 646.9 90.6 494.5 36.3 26.6 30.3 23 0.08 1.10
DEC-23 135 103 121 19.6 13.1 16.8 580.6 63.1 471.0 50.9 42 473 2.7 0.05 1.86
JAN-08 9.2 54 7.7 15.0 8.7 11.8 5719 78.1 432.2 41.6 28.8 34.6 3.9 0.15 213
JAN-10 144 9.6 12.6 19.8 115 16.0 526.9 56.9 300.9 51.9 321 41.9 3.0 0.06 1.26
NOV-04 NOV-14 DEC-23 JAN-08 JAN-10
W v* ‘ v e \* v s v
10:00 » * L * * * s .

. " 1N L " LY w b
"' u‘ wWOow \\

.'. ..'

'\:“M.\ u-\ u’\ u\ o

I [
14:00 ' .
- v W We!' Wes' We/s

Fig. 5. Shadow map at 10:00, 12:00, and 14:00 for each survey day.

NOV-04 NOV-14 DEC-23 JAN-08 JAN-10

j )
-

10:00

- :
200 - 11,99

Fig. 6. T, map at 10:00, 12:00, and 14:00 for each survey day.
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Fig. 7. Percentage distributions of thermal sensation votes (TSV) in the square.
for winter season was 9 °C—25 °C. For each 1 K of PET range, the
MTSV was calculated. Linear regression was conducted between
MTSV and PET to get the neutral PET. Fig. 9 shows the correlation

between MTSV and PET. The regression functions are given as
follows:

(2)
3)

For autumn: MTSV = 0.037 x PET — 0.98 (R® = 0.49)
For winter: MTSV = 0.071 x PET — 1.59 (R2 =0.74)

The lower correlation coefficient (R?) for autumn season could
be explained by the moderate weather, i.e., respondents generally
didn't have strong sensations towards the micro-meteorological
conditions, therefore most of their TSVs were “neutral” despite
different PETs, which caused a lot of MTSVs occurring around 0. In
particular, the regression coefficient is only 0.037, meaning that a
broad range of 27 K of PET would correspond to the same TSV class.
This is hardly the case in reality, but reflects that the respondents
were insensitive to the moderate and cool weather. In contrast, in
winter the respondents were more sensitive to micro-
meteorological factors such as T, V, and G. Accordingly the corre-
lation was much better, with R? = 0.74 and also higher regression
coefficient of 0.071. Through regression using winter data, the
neutral PET range for Shanghai was 15—29 °C, which is comparable
to the range of Tianjin (11—24 °C) [27], and much wider than that of

autumn
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Fig. 9. Correlation between the mean thermal sensation votes (MTSVs) and PET in
autumn and winter seasons.

Europe (26—30 °C) [39] and Taiwan (18—23 °C) [40]. The wide
acceptability of thermal comfort sensation could be attributed to
the various meteorological conditions in Shanghai even for the
same season. For example, for the 3 survey days between late
December and early January, which is commonly considered as the
coldest time of year in Shanghai, the measured T, during survey
period varied between 9 and 20 °C, and RH varied between 30 and
50%. People living in Shanghai get adapted to such diverse weather
conditions, therefore have wider thermal sensation range
compared to residents living in high-latitude or low-latitude
regions.

4.2. Preference of micro-meteorological condition

Fig. 10 shows respondents’ preference of local micro-
meteorological parameters, including T,, RH, V, and G. The results
revealed that the majority of respondents preferred “same”
weather conditions: 51.5% for T, 39.2% for RH, 56.4% for V and 57.1%
for G in autumn, and 40.2% for T,, 36.5% for RH, 45.5% for V, and
48.3% for G in winter. This was consistent with the fact that most
respondents’ overall comfort votes were “comfortable” or “neutral”,
indicating visitors were generally satisfied with the local environ-
ment including thermal condition. Another noticeable feature is
respondents' strong preference to higher RH, accounting for 52.1%
for autumn and 56.3% for winter including both “increase” and

winter

-2 -1 0 1 2

comfortable
M neutral

®m uncomfortable

Fig. 8. Percentage distributions of comfort vote in relation to TSV in the square.
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Fig. 10. Preference votes for micro-meteorological parameters of T,, RH, V, and G in autumn and winter.

“large increase”. Shanghai has a humid climate, with daytime RH
normally around 90% in summer. People living in Shanghai are
constantly exposed to high RH, therefore in winter when the RH is
below 40% people already feel uncomfortable. Furthermore, re-
spondents also preferred higher T, (35.6% and 48.5% for autumn
and winter, respectively) and G (31.9% and 47.3% for autumn and
winter, respectively), but lower V (38.0% and 40.8% for autumn and
winter, respectively).

4.3. Adaptation to thermal comfort: short-term and long-term
adaptations

In order to examine how the respondents’ adaptation had
affected their thermal sensations, several behavior-related factors
which were considered to be important for thermal adaptation
were surveyed, including both short-term experience, such as
purpose of visit (PP), activity for the past 15 min (ACT), duration of
stay (DR), and whether in air-conditioning rooms for the past
15 min (AC), and long-term experience such as length of residence
in Shanghai (YEAR). These factors were labeled and compared
against respondents’ TSVs. Because these factors were non-
parametric, and the respondents' votes might not necessarily
follow normal distributions, therefore the Kruskal Wallis H Test was
used to examine if the TSVs were affected by the adaptation factors,
which was also the test method used in Ref. [23]. The TSVs were
grouped by different labels, and p values for the null hypothesis
(“Different groups don't have significant differences for TSVs.”)
were calculated. For the autumn case, the p values for PP, ACT, DR,
AC and YEAR were 0.107, 0.308, 0.164, 0.502 and 0.329, respectively.
These values were all larger than the 0.05 threshold, suggesting
that there were no significant relationships between TSV and these
adaptation factors. In the winter case, the p values for PP, ACT, and
AC were 0.505, 0.335, and 0.509, respectively, again indicating re-
spondents’ TSVs were not necessarily affected by these factors. The
irrelevance of recent air-conditioning experience in affecting TSV
was different from results found in heat-dominant environment
such as Singapore [23]. The reason for the difference may be
because in winter, air-conditioning in Shanghai is normally for
heating, and people coming out of warm rooms to have exposure to
sunshine may not be as sensitive as people from cool rooms to hot
environment.

Notably, the p value for DR and YEAR for winter were 2.89e-5
and 0.075, respectively. The low value for DR (<0.01) suggested that
there were significant differences between different groups, i.e.,
time of stay in the site. Fig. 11 shows the percentage distributions of
TSVs for different groups. It can be seen from the figure that shorter
time of stays normally leaded to lower TSVs, such as —2 and —1, and
longer time of stays normally leaded to neutral TSV. One possible

interpretation of this result is that visitors already feeling
comfortable with the environment tended to stay longer. However,
after checking the overall comfort vote distribution (also refer to
Fig. 8) for the 4 DR groups, the percentage of comfort votes
including “comfortable” and “neutral” was not found to have a
positive correlation with DR. In fact no substantial differences were
found among different groups: comfort votes accounted for 89.4%—
95.2% for different groups for autumn, and 85.3%—91.2% for winter.
As the visitors were reported to generally have a high level of
overall comfort, the influence of comfort on their duration of stay at
the square could not be revealed in this study. This limitation needs
to be considered in future work. More diverse study sites with
various micro-meteorological conditions should be added there-
fore visitors' different comfort votes could also be observed.

On this other hand, the result could also be explained by visitor's
adaptation to the local micro-meteorological conditions, which is
that longer stay may cause people to be more tolerant to coldness.
To further quantify this assumption, for each group, respondents'
MTSVs were calculated for each 1K PET class, and linear regressions
were conducted. All 4 groups showed acceptable correlation (R?
between 0.3 and 0.45, p < 0.05), and the neutral PET for the
“<15 min” group was 26.8 °C, and for the other 3 groups were
between 20 and 22 °C, confirming that people exposed to coldness
for a longer period may have a tolerance of coldness about 5K (PET)
lower than people exposed for a shorter period. Similarly, Fig. 12
shows the percentage distributions of TSVs for different groups of
length of residence in Shanghai. The figure shows that there are
significant differences between groups: people who have lived in
Shanghai for shorter time tended to consider the environment as
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0.8
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004
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Fig. 11. Percentage distribution of TSVs for different groups of duration of stay.
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Fig. 12. Percentage distribution of TSVs for different groups of length of residence in
Shanghai.

cold; on the other hand people who have lived in Shanghai for
longer time (>1 year) got more adapted to the local weather con-
dition, therefore had a larger tendency to consider the environment
as neutral. Both short-term and long-term adaptations to the cold
weather were observed in this case.

4.4. Micro-meteorological conditions and space use

To further examine the influence of the local micro-
meteorological condition on visitors' space use, attendance count
was compared against T,, Tyt and PET. Because the attendance
count at the square was by unobtrusive observation, therefore it
was impossible to collect person data for each individual, such as
age, weight and height. Instead an alternative approach was taken
which used a “standard” person for PET calculation (male, 35 years
old, 1.75 m tall, 75 kg weight, with a clothing index of 0.9 clo for
autumn and 1.0 clo for winter, and an activity rate of 80 W). Fig. 13
shows the correlation between attendance count and three micro-
meteorological factors, i.e., T;, Ty and PET for autumn and winter.
The correlation shows that the micro-meteorological condition
affected visitors' attendance differently in autumn and winter. In
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autumn when the weather was moderate, i.e., T, around 20 °C, Tprt
33—43 °C, and PET 20—26 °C, attendance count showed no corre-
lation with these micro-meteorological factors, suggesting that
visitors' space use were not necessarily affected by different micro-
meteorological conditions. On the other hand, in winter when the
weather was cold, i.e., T; 5—15 °C, Tyt 14—35 °C, and PET below
16 °C, attendance count showed positive relationship with all three
micro-meteorological factors, with the strongest relationship with
Tmre (R? = 0.43), followed by T, (R = 0.39); the positive relationship
with PET was not very significant (R?> = 0.16). The result indicates
that in winter, sunshine exposure and warm weather are important
factors that affect visitors' use of outdoor space. The weaker cor-
relation with PET indicates that a pure human-biometeorological
index which is a combination of the effect of different micro-
meteorological factors may not be suitable to be linked with park
attendance: visitors tend to come to visit the park when the sun-
shine is good and the air temperature is high, perhaps regardless of
the difference in wind speed and humidity. On the other hand, the
result also reflects that people's perception to the outdoor envi-
ronment is a complex issue with various dimensions including
physical, physiological and psychological aspects, which need to be
examined in more details in further studies in Shanghai.

5. Conclusions

In this study, questionnaire surveys and in-situ meteorological
measurements in an urban park square in Shanghai were con-
ducted in autumn and winter to investigate the thermal comfort of
visitors and how space use was affected by micro-meteorological
conditions. Computer tools were employed to simulate the spatial
variation of the micro-meteorological conditions in the square. The
human-biometeorological index of PET was used to assess visitors'
objective thermal comfort sensation as determined by the local
micro-meteorological factors. Seasonal differences were high-
lighted. The result showed that visitors' thermal sensations and
space use were more significantly influenced by the micro-
meteorological factors in winter as compared to autumn. In
winter, visitors' subjective thermal sensations were positively
related to air temperature and solar radiation, and the neutral PET
range for Shanghai was 15—29 °C in winter, which is a much wider
range as compared to tropical and high-latitude cities. This suggests
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Fig. 13. Correlation between attendance count and T, Ty, and PET. The first row is for autumn, and the second row is for winter.
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that citizens in Shanghai are exposed to more diverse weather
conditions in winter with air temperature and humidity varying
greatly, therefore are more tolerant to different micro-
meteorological conditions. The study also found that air tempera-
ture and solar radiation are important factors in affecting outdoor
space use in winter. This finding is especially helpful to understand
attendance in parks and open spaces in winter when sun time is
already short. In the present study, the studied square was sur-
rounded by tall buildings located to the west, therefore the whole
site was in the shadow casted by the buildings in the afternoon
after 2:00 pm, which resulted in large decrease of attendance in the
square. This suggests that the neighborhood of public open space
should be carefully controlled in urban development and renewal
practice, and only restrained development should be allowed in
order to ensure sunshine provision and promote better use of the
space. Also, facilities such as benches and kiosks will better enter-
tain the visitors in winter if they are located at spots that have
sufficient sunshine. The study also revealed visitors' thermal
adaptation in winter. For example, longer duration of stay outdoors
will cause the visitors to have a lower neutral PET value; and people
who have lived in Shanghai for longer time also appeared to have
higher tolerance to coldness. Furthermore, future studies should
include more diverse sites with various micro-meteorological
conditions to examine the influence of comfort on visitors' dura-
tion of stay. They should also include hot seasons to compare the
seasonal difference of visitors' thermal comfort sensations and
related behaviors. Based on these understandings optimized urban
design strategies that are climate-sensitive and can improve ther-
mal comfort and attract more visitors in different seasons could be
developed.
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