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Abstract 11 

  Thermal comfort in outdoor spaces is strongly associated with the quality of social life 12 
in an urban community. This study investigated dynamic outdoor thermal comfort under 13 
cold, mild, and hot climatic conditions with air temperature ranging from -0.1 to 35.0 oC. 14 
Using a total of 26 human subjects in 94 tests under these climatic conditions, this study 15 
measured outdoor thermal environmental parameters, monitored subjects’ skin 16 
temperature, and recorded subjects’ thermal sensation. The study found that fluctuations in 17 
wind speed and solar radiation led to changes in convective and radiative thermal loads on 18 
the human subjects. Their skin temperature and thermal sensation changed accordingly. In 19 
the cold conditions, the skin temperature of the trunk was stable at around 34 oC, while the 20 
skin temperature of the face decreased to 19 oC. This investigation developed a human heat 21 
transfer model that considers outdoor radiative heat exchange and transient heat transfer in 22 
clothing. The mean skin temperatures predicted by the model agree reasonably well with 23 
the measured data. However, the discrepancy between the predicted and measured local 24 
skin temperature under extremely cold conditions can be as large as 6 K. 25 
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 1 

Highlights 2 

This study investigated dynamic outdoor thermal comfort under various climatic 3 
conditions. 4 

Fluctuations in wind speed and solar radiation lead to fluctuations in skin temperature and 5 
thermal sensation. 6 

In cold conditions, the skin temperature difference at various body parts can be as large as 7 
15 K. 8 

This study developed a human heat transfer model that can predict mean skin temperature 9 
in an outdoor environment reasonably well.  10 

 11 

1. Introduction 12 

  About 54% of the world’s population lives in urban areas [1]. In cities, outdoor spaces 13 
allow citizens to exercise and socialize. A study in Japan showed that living in areas with 14 
walkable outdoor spaces increased the longevity of urban senior citizens [2]. Another study, 15 
in the Netherlands, indicated that green outdoor spaces in the living environment decreased 16 
people’s feelings of aloneness [3]. In light of these physical and social benefits, it is 17 
necessary to design attractive spaces that would encourage more citizens to spend time 18 
outdoors. Among many factors that affect people’s use of outdoor spaces, thermal comfort 19 
is probably the most important. A number of studies [4-8] have identified a strong 20 
correlation between outdoor thermal comfort and occupancy in outdoor spaces. For 21 
example, Lin et al. [4] demonstrated that the greatest park attendance was associated with 22 
the highest thermal comfort level.  23 

  To better understand outdoor thermal comfort, many researchers have conducted field 24 
surveys in various climate regions. For example, Nikolopoulou and Lykoudis [6] reported 25 
their findings from a large-scale study across five different European countries. The air 26 
temperature in their study ranged from 5.4 to 30.1 oC. The researchers found that 75% of 27 
the interviewees felt comfortable in outdoor spaces. Spagnolo et al. [9] investigated several 28 
open spaces in Sydney, Australia. They discovered that the outdoor neutral temperature 29 
(26.2 oC) was significantly higher than the indoor neutral temperature (24 oC). Thorsson et 30 
al. [7] studied thermal comfort in a park in an urban area in Sweden and demonstrated that 31 
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psychological aspects such as expectations, experience, and perceived control influenced 1 
the subjective thermal comfort assessment. These studies have advanced our understanding 2 
of outdoor thermal comfort. Furthermore, field surveys have revealed differences in 3 
outdoor thermal comfort among various climate regions. Aljawabra and Nikolopoulou [10] 4 
conducted case studies in hot arid areas in Marrakech, Morocco, and in Phoenix, Arizona, 5 
USA. Although the climatic conditions in the two regions were similar, most subjects in 6 
Marrakech voted for “warm,” while most subjects in Phoenix voted for “hot.” 7 
Nikolopoulou and Lykoudis [6] found a difference of over 10 K in neutral temperature 8 
across Europe. Lai et al. [11] found that the neutral temperature range in Tianjin, China, 9 
was different from that in Europe [12] or Taiwan [13].  10 

  The discrepancies in those studies may be due to the dynamic features of outdoor thermal 11 
comfort. Since the outdoor thermal environment can change rapidly within a short period, 12 
a person’s skin and core temperatures will change accordingly but with a very significant 13 
decay. Hoppe [14] found that when a person walked from a neutral indoor environment to 14 
a cold outdoor environment of 0 oC, his skin and core temperature reached equilibrium 15 
after 26 hours. As the skin and core temperatures of the subject decreased, his thermal 16 
sensation was likely to change. In addition, the outdoor thermal environment has large 17 
fluctuations: wind speed varies constantly, and solar radiation intensity varies with time if 18 
clouds are present. These fluctuations affect the thermal sensation of subjects. The field 19 
surveys discussed above may not have considered the thermal history of the subjects and 20 
may have recorded the thermal sensation of interviewees only at specific times. It is 21 
probable that the recorded thermal sensation had a large variation. Our literature review 22 
did not find any outdoor thermal comfort studies with a dynamic thermal history of the 23 
subjects. Therefore, it is necessary to investigate dynamic outdoor thermal comfort by 24 
considering the thermal history of subjects under a fluctuating outdoor thermal 25 
environment.  26 

  Some studies have investigated transient outdoor thermal comfort with the use of human 27 
heat transfer models. For example, Katavoutas et al. [15] employed the Institutionary 28 
Munich Energy balance Model (IMEM) to investigate the transient thermal comfort when 29 
an individual moved from an indoor to an outdoor hot environment. Their study found that 30 
skin temperature stabilized in 10 minutes, but core temperature continued to rise during the 31 
simulation. The modeling study has provided useful insights about changes in a person’s 32 
thermal condition outdoors. The IMEM model in Katavoutas’ study treated a human body 33 
as two nodes with uniform thermal-physical properties and clothing value for each node. 34 



4 
 

In reality, different segments of the body have different thermal-physical properties and are 1 
insulated with different clothing levels. Furthermore, the radiative heat transfer between a 2 
human body and an outdoor environment is complicated. The sun projects short-wave 3 
radiation onto each segment at different angles, and the temperatures of the surrounding 4 
objects may not be the same. The fluctuating thermal environment continuously affects the 5 
heat transfer on a human body. Hence, it is important to develop a human heat transfer 6 
model that can account for the impact of the fluctuating outdoor thermal environment and 7 
heat transfer on different parts of the human body. This paper reports our effort and results. 8 

 9 

2. Research method 10 
 11 
With the use of human subjects in an actual outdoor environment, the study measured 12 

outdoor thermal environmental parameters, monitored subjects’ skin temperature, and 13 
recorded their thermal sensation. At the same time, a heat transfer model was developed to 14 
predict the subjects’ skin temperature. The model was validated by the experimental data. 15 

 16 
2.1. Subject tests 17 

This investigation measured the response of human subjects to the outdoor thermal 18 
environment. Our hypothesis was that the fluctuation in the environment creates a dynamic 19 
thermal load on the human body. The changing thermal load affects the skin temperature, 20 
which determines the person’s thermal sensation. 21 

  We measured thermal environmental parameters and monitored the skin temperature and 22 
thermal sensation of the subjects. To collect data from different regions, the tests were 23 
carried out in West Lafayette (WL), Indiana, USA, and Tianjin (TJ), China. The climatic 24 
conditions in the two places allow us to collect data under a wide range of thermal 25 
environments. Both cities are in “hot summer continental” climates with hot summer and 26 
cold winter. The air temperature in the summer can easily exceed 30oC and the lowest air 27 
temperature in winter is below 0oC. In West Lafayette, we used ten human subjects with 28 
each subject participated the tests for three to five times to yield 40 sets of data. In Tianjin 29 
16 subjects were recruited and each of them participated the tests for three to four times, 30 
which allowed us to obtain 54 sets of data. Table 1 shows the gender and age breakdown 31 
of the subjects in Tianjin and West Lafayette. We have 19 males and 7 females participated 32 
the test. In terms of age, 20 out of the 26 subjects are younger than 30. When designing the 33 
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test, we divided the tests into seven conditions and each condition covered an air 1 
temperature range of 5 K. We obtained at least 10 sets of data for each condition. The tests 2 
in West Lafayette were conducted from March 6, 2016, to September 25, 2016 and the tests 3 
in Tianjin were from May 21, 2016, to December 14, 2016. These date ranges covered cold, 4 
mild, and hot climatic conditions.  5 

 6 

Table 1. Numbers of subjects based on gender and age for the tests conducted in Tianjin 7 
(TJ) and West Lafayette (WL). 8 

 Location Male  Female Age < 30 Age > 30 Total 

Number of 

subjects 

TJ 9 7 10 6 16 

WL 10 0 10 0 10 

Total 19 7 20 6 26 

 9 

  As shown in Figure 1, the subjects first stayed in a neutral indoor chamber for 30 minutes 10 
to achieve a stable thermal condition; they then moved to an outdoor space and remained 11 
there for 60 minutes. The indoor air temperature (Ta) and relative humidity (RH) were 12 
controlled at around 24 oC and 50%, respectively. The air velocity (Va) in the indoor 13 
chamber was kept at a minimum. The outdoor space was an open area surrounded by 14 
several low-rise buildings.  15 

 16 

 17 

Figure 1. Measurement procedure for the human subject tests.  18 

 19 
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  In the indoor chamber, Ta, RH, and surface temperature (Tsur) were measured. In the 1 
outdoor space, Ta, RH, Va, and global solar radiation (G) were monitored continuously. In 2 
West Lafayette, the outdoor Ta, RH, direct solar radiation (Gdir), and diffuse solar radiation 3 
(Gdif) were monitored on the rooftop of one of the surrounding buildings. Global solar 4 
radiation G is the summation of Gdir and Gdif. Outdoor wind speed Va was recorded every 5 
five minutes by a handheld anemometer. In Tianjin, we used a portable weather station to 6 
measure the outdoor thermal environmental parameters. Since the weather station can 7 
measure only global radiation G, we used RayMan software [16,17] to separate the global 8 
radiation into its direct and diffuse components. During the test, each subject’s skin 9 
temperature (Tsk) at his or her head, face, thorax, abdomen, left upper arm, left lower arm, 10 
left hand, left upper leg, left lower leg, and left foot were measured continuously by 11 
thermocouples attached to these body locations as shown in Figure 2. The thermocouples 12 
were connected to portable data loggers. The response time for the thermocouple is 0.1 13 
second. Table 2 lists the technical information for the sensors used in this study. Besides 14 
the thermal environmental parameters and skin temperatures, we obtained subjects’ thermal 15 
sensation by asking them to complete the questionnaire shown in Figure 3. The 16 
questionnaire used the ASHRAE seven-point scale for thermal sensation votes (TSV). In 17 
the indoor chamber, we asked the subjects to rate their thermal sensation every ten minutes, 18 
while the outdoor thermal sensation was recorded every five minutes. We also used the 19 
questionnaire to collect data on subjects’ clothing. In the indoor chamber, the subjects sat 20 
quietly, while in the outdoor space, they stood with their backs to the sun.   21 

 22 

 23 
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Figure 2. Monitoring locations for skin temperature. 1 

 2 

 3 

Table 2. Sensors used to measure thermal environmental parameters and skin temperature. 4 
Parameter Sensor Range Accuracy Interval 
Ta, indoor HOBO U12 -20 to 70 oC ±0.35 K from 0 to 50 oC 1 min. 
RH, indoor HOBO U12 5 to 95% ±2.5% from 10 to 90% 1 min. 
Tsur D501 -45 to 287 oC ±2% 10 min. 
Ta, outdoor S-THB-M002 -40 to 75 oC ±0.2 K at 20 oC  1 min. 
RH, outdoor S-THB-M002 0 to 100% ±3% 1 min. 
Va, WL WM4 0.35 to 40 m/s ±3%  5 min. 
Gdir, Gdif, WL SPN1 0 to > 2000 W/m2 ±5% ± 10 W/m2 5 min. 
Va, TJ S-WSET-A 0–45 m/s ±1.1 m/s 1 min. 
G, TJ S-LIB-M003 0-1280 W/m2 ±10 W/m2 or ±5% 1 min. 
Tsk TT-K-30-SLE 0 to 350 oC ±1.1 oC or ±0.4% 1 sec. 

 5 
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 1 

Figure 3. Questionnaire used in this study. 2 

 3 

2.2. Definition of outdoor climatic conditions 4 

  We used the universal thermal climate index (UTCI) [18] to classify our tests. The index 5 
assesses the outdoor thermal environment by integrating the effects of air temperature, 6 
humidity, radiation, and wind. In our study, UTCI was calculated by a program provided 7 
on the www.utci.org website. According to the UTCI stress categories [18], we defined 8 
those tests with UTCI values between 9 and 26 oC as mild, those with values lower than 9 9 
oC as cold, and those with values above 26 oC as hot. On the basis of this categorization, 10 
we conducted six cold tests, eight mild tests, and six hot tests in West Lafayette, and six 11 
cold tests, six mild tests, and seven hot tests in Tianjin.  12 
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  In order to examine the fluctuation of the outdoor thermal environmental parameters, we 1 
defined a fluctuation index (FI):  2 

FI 
                                                              (1) 3 

where  is the standard deviation of the measured thermal environmental parameter and 4 
the mean value of that parameter. A higher FI indicates a larger fluctuation.   5 

 6 

2.3. Human heat transfer model 7 

  To determine the thermal comfort level, a heat transfer model for a human body is needed. 8 
By improving our two-dimensional model for calculating heat transfer in the human body 9 
in a transient and non-uniform thermal environment [19], this study developed a new model 10 
that addresses the outdoor radiative heat transfer and transient heat transfer in clothing. 11 
This section presents the details of the new model.  12 

  Our original heat transfer model divided the human body into 12 segments: the head, 13 
face, neck, shoulders, thorax, abdomen, upper arms, lower arms, hands, upper legs, lower 14 
legs, and feet. The heat transfer between the body segments was conducted by blood 15 
circulation. The model allowed non-uniform clothing insulation on each segment. Inside 16 
the body, two-dimensional heat transfer along the radial and angular directions was 17 
considered in different body segments. Outside the body, at the boundary, the heat transfer 18 
included convective, radiative, and evaporative heat exchange on the skin and clothing 19 
surfaces. Besides the passive heat transfer, the model used an active system that controls 20 
the thermoregulation process within the human body. When the human body deviates from 21 
neutral state, the active system of the model will change the levels of heat production by 22 
shivering, evaporative heat exchange by sweating, and blood flow by vasomotion. The 23 
model was able to deal with sudden changes in thermal environment, sun position, clothing 24 
value, activity level, and posture. 25 

 26 

2.3.1. Radiation model 27 

  Heat transfer on a human body in an outdoor space is significantly different from that 28 
indoors. Figure 4 shows the various forms of heat transfer between a human body and the 29 
outdoor environment. Convection, evaporation, and respiration can be calculated by the 30 
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methods described by Lai and Chen [19]. The main difference between indoor and outdoor 1 
human body heat transfer is radiation. The outdoor radiation field includes direct and 2 
diffuse short-wave radiation from the sun, and long-wave radiation from the sky and from 3 
solid surfaces such as building façades and the ground.  4 

 5 

 6 

Figure 4. Heat transfer between a human body and the outdoor environment. 7 

 8 

  The rate of short-wave radiative heat gain RS is the summation of the direct solar 9 
radiative heat gain (Rdir) and the diffuse solar radiative heat gain (Rdif). They are calculated 10 
as:  11 

,dir p dir dirR f G                                                      (2) 12 

,dif p dif difR f G                                                      (3) 13 

where  is the short-wave absorptivity of the human body surface, and fp,dir and fp,dif are the 14 
projected area factors for direct and diffuse short-wave radiation, respectively. The 15 
projected area factors denote the percentages of the surface exposed to the corresponding 16 
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types of radiation. The values of fp,dir and fp,dif are estimated by a method developed by 1 
Kubaha et al. [20]. They correlated fp,dir with the solar altitude and azimuth angle, and fp,dif 2 
with the ground albedo for different segments of the human body in standing and sedentary 3 
positions.  4 

  The long-wave radiation indoors is from the room surfaces, whose temperature is similar 5 
to the air temperature in the room. In an outdoor space, however, the temperatures of 6 
surfaces such as the sky and solid structures are different from the outdoor air temperature. 7 
In our study, we defined a long-wave radiant temperature (Tlr) for an imaginary outdoor 8 
enclosure so that the long-wave radiant heat transfer from a human body to this enclosure 9 
is equal to the actual long-wave radiant heat transfer from the human body to the actual 10 
outdoor space. Tlr is calculated by combining the atmospheric radiation from the sky (Rat) 11 
and the long-wave radiation from solid surfaces (Rso):  12 

4 (1 0.5 ) 0.5sur lr so atT SVF R SVF R                                          (4) 13 

where = 5.67 10-8 W/m2/K is the Stefan-Bolzmann constant, sur the emissivity of the 14 
surroundings, and SVF the Sky View Factor [21]. We used the Angstrom formula [22] to 15 
calculate the atmospheric radiation Rat:  16 

0.09454 2.5(0.82 0.25 10 ) (1 0.21 ( ) )
8

PV
at a

N
R T                                  (5) 17 

where Ta is the air temperature (K), VP the water vapor pressure (hPa), and N the degree of 18 
cloud cover, which ranges from zero to eight. The long-wave radiation from solid surfaces 19 
Rso is the combination of emitted radiation from a solid surface with temperature Tso (K) 20 
and reflected atmospheric radiation: 21 

4 (1 )so sur so sur atR T R                                                   (6) 22 

  The surface temperature Tso can be iteratively determined via a method used by 23 
Matzarakis et al. [16]. With the long-wave radiation temperature Tlr, the rate of the long-24 
wave radiative heat exchange RL becomes: 25 

( )L cl lr lr sfR f h T T                                                     (7) 26 

where fcl is the clothing area factor that accounts for the increased area due to clothing and 27 
Tsf the human surface temperature (K). If there is no clothing on the body segment, Tsf is 28 
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the skin temperature Tsk. Otherwise, Tsf is the same as the clothing temperature Tcl. The hlr 1 
is the long-wave radiative heat transfer coefficient (W/m2/K) and is defined by the Stefan-2 
Bolzmann law: 3 

2 2( )( )lr sf sur sf sur sf rl sf rlh T T T T                                      (8) 4 

where sf is the emissivity of a human body surface and sf-sr the view factor between the 5 
body surface and the surrounding environment.  6 

 7 

2.3.2. Transient clothing heat transfer model 8 

  The clothing temperature Tcl is needed for the calculation of long-wave radiation. Since 9 
the heat transfer on the outdoor human body is dynamic, we established a transient energy 10 
balance equation for various body parts to solve for the Tcl at different segments:   11 

( ) ( )cl sk cl
cl cl cl S cl c cl a cl lr cl lr

cl

dT T T
m c A R A h T T A h T T

dt I


                          (9) 12 

where mcl is the clothing mass (kg), ccl the clothing heat capacity (kJ/kg/K), Acl the clothing 13 
surface area (m2), hc the convective heat transfer coefficient (W/m2/K), and Icl the clothing 14 
thermal resistance (m2K/W). This equation shows that a clothing element gains heat from 15 
the skin and the sun and loses heat to the surroundings by convection and long-wave 16 
radiation. The left-hand term of Eq. (9) is the net heat gain, which affects the clothing 17 
temperature. 18 

 19 

2.3.3. Thermal load calculation 20 

  Thermal load (TL) is the difference between the heat gain and heat loss of a human body 21 
when the skin temperature is maintained at a neutral level and sweating is kept at a 22 
minimum. With the aid of the above human heat transfer model, the thermal load of a 23 
human body in the outdoor environment is calculated as: 24 

( ) ( )S L sk res resTL M W R C R E C E                                      (10) 25 

where M is the rate of metabolic heat production (W/m2), W the rate of mechanical work 26 
(W/m2), C the rate of convective heat loss (W/m2), Esk the rate of evaporative heat loss 27 
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from the skin (W/m2), and Cres and Eres are the rates of convective and evaporative heat 1 
loss, respectively, via respiration (W/m2).  2 
 3 

3. Results 4 

This section first reports the measured outdoor thermal environmental parameters, the 5 
skin temperatures of the human subjects under these environmental conditions, and the 6 
thermal sensation recorded by the subjects. The performance of the model in predicting the 7 
skin temperatures of the subjects is then compared with the corresponding experimental 8 
data. 9 

  10 

3.1.Outdoor thermal environment 11 

  Table 3 summarizes the measured mean, maximum, and minimum air temperature Ta, 12 
relative humidity RH, wind speed Va, and global radiation G (summation of Gdir and Gdif) 13 
for the cold, mild, and hot conditions during the subject tests in West Lafayette and Tianjin. 14 
The air temperature ranged from -0.1 to 35.0 oC. The measured wind speed in Tianjin was 15 
lower than that in West Lafayette. Because of the frequent smog in Tianjin, the global 16 
radiation in that city under the mild and cold conditions was much lower than that in West 17 
Lafayette. The climatic conditions during the tests correspond to the typical outdoor 18 
thermal environment in the two places.  19 
 20 

 21 

 22 

Table 3. The measured mean, maximum, and minimum air temperature Ta, relative 23 
humidity RH, wind speed Va, and global radiation G for cold, mild, and hot conditions 24 
during the subject tests. 25 

 Ta (oC) RH (%) Va (m/s) G (W/m2) 

WL-Cold Average 5.7  60.2  1.9  367.2  

Max. 11.9  82.1  2.9  622.7  

Min. -1.0  42.0  1.5  172.4  

WL-Mild Average 12.4  60.8  1.3  476.8  

Max. 22.0  86.9  2.4  858.2  
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Min. 7.2  40.9  1.0  132.0  

WL-Hot Average 27.0  50.9  1.2  593.2  

Max. 33.8  65.2  2.3  960.1  

Min. 19.2  38.4  0.4  355.0  

TJ-Cold Average 7.1  55.0  0.7  169.1  

Max. 11.0  89.3  0.9  451.2  

Min. 1.9  21.0  0.5  18.7  

TJ-Mild Average 15.2  59.6  1.8  226.8  

Max. 22.3  67.8  2.0  357.1  

Min. 13.8  44.5  0.3  50.9  

TJ-Hot Average 29.6  40.4  0.7  502.6  

Max. 35.0  62.2  1.3  904.2  

Min. 24.8  24.9  0.2  59.7  

 1 

  The FI for air temperature was 0.051, relative humidity 0.022, wind speed 0.498, and 2 
global radiation 0.188, as calculated from the measured data. The outdoor wind speed 3 
exhibited the highest fluctuations, followed by the global solar radiation because some of 4 
the measurements were carried out under partially cloudy conditions. Dynamic 5 
environmental stimulation is one of the reasons that people go outdoors [23]. The 6 
fluctuations in environmental parameters and the wide range of thermal conditions make 7 
the outdoor thermal environment different from the indoor environment. These differences 8 
lead to changes in skin temperature, as shown in the following section. 9 

 10 

 11 

3.2.Mean skin temperature of the human subjects 12 

For the above outdoor conditions, Figure 5(a) shows the measured mean skin 13 
temperature Tsk,m of the subjects in all cold tests in West Lafayette and Tianjin. The Tsk,m of 14 
the subjects was between 33 and 34 oC before their stay in the cold environment. During 15 
the time that they spent outdoors, the Tsk,m of the subjects decayed exponentially. At the end 16 
of the tests, their Tsk,m ranged from 28.5 to 31 oC and was still decreasing. It is noteworthy 17 
that subjects’ skin temperatures in the West Lafayette tests was generally lower than that 18 
in the Tianjin tests. The difference occurred because West Lafayette had lower air 19 
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temperature and higher wind speed than Tianjin during the tests.  1 

 2 

 3 

(a) 4 

 5 

(b) 6 
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 1 

(c) 2 

Figure 5. Measured Tsk,m of subjects in outdoor spaces in West Lafayette and Tianjin during 3 
(a) cold tests, (b) mild tests, and (c) hot tests. 4 

 5 

  For the mild tests, Figure 5(b) shows that the Tsk,m decreased, but the magnitude of the 6 
reduction was smaller than that in the cold cases. The final Tsk,m was between 30.3 and 32.2 7 
oC except for two tests, during which the subjects wore shorts when the outdoor air 8 
temperature was low, at around 12 oC. For most of the mild tests, the Tsk,m stabilized in the 9 
end, although some minor fluctuations existed. 10 

  Figure 5(c) depicts the Tsk,m of subjects in the hot cases. Unlike the skin temperature in 11 
the cold and mild tests, the Tsk,m in the hot tests increased. At the end of the tests, the Tsk,m 12 
ranged between 34.1 and 35.3 oC. For most of the tests, the temperature stabilized within 13 
20 minutes.  14 

  It is also interesting to compare Figures 5(a), (b), and (c). In the cold conditions, the 15 
maximum decrease in Tsk,m was more than 5 K, and the skin temperature was still 16 
decreasing after one hour. However, in the hot conditions, the maximum increase in Tsk,m 17 
was only 2 K, and the skin temperature stabilized within 20 minute. In the cold conditions, 18 
the air temperature was much lower than the skin temperature, but in the hot conditions, 19 
the highest air temperature was only a few degrees higher than the skin temperature. Thus, 20 
the large difference between the air and skin temperatures for the cold conditions was the 21 
driving force for the decrease in Tsk,m. 22 
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  As can be concluded from Figure 5, skin temperature was closely related to the thermal 1 
environmental parameters. The skin temperature levels measured outdoors generally 2 
deviated from the indoor neutral level of 33.5 oC [24] because of the broad ranges of the 3 
thermal environmental parameters and the correspondingly large changes in heat transfer.  4 

 5 

3.3.Thermal load of a human body in its surroundings 6 

For an in-depth and clear understanding of the skin temperature under different outdoor 7 
conditions, this investigation selected a typical case from each stress category for detailed 8 
thermal load analysis. The typical cases are representative of the Tsk,m within their  9 
categories. Table 4 shows the thermal environmental parameters together with their 10 
standard deviations for the three cases selected. From the standard deviation , we can see 11 
that the cold case had the highest fluctuation. The thermal environment of the hot case was 12 
the most stable within the three cases. 13 

 14 

Table 4. Thermal environmental conditions together with their standard deviations for the 15 
three typical cases.  16 

 Ta (oC) RH (%) Va (m/s) G (W/m2) UTCI (oC) 
Cold 0.8 (0.3) 54.1 (3.8) 1.4 (0.7) 622.7 (38.7) 2.3 (6.0) 
Mild 22.3 (0.2) 44.5 (1.1) 1.0 (0.6) 357.1 (59.9) 24.7 (2.0) 
Hot 33.3 (0.5) 55.6 (1.0) 0.3 (0.3) 264.9 (32.0) 36.8 (1.9) 

 17 

  As shown in Figure 4, the human body is subjected to different forms of heat transfer in 18 
the outdoor environment. By using the human heat transfer model described in Section 2.4, 19 
we estimated the thermal loads during the subjects’ exposure to the outdoor environment 20 
for the cases shown in Table 4. The primary thermal loads were convection (C), short-wave 21 
radiation (RS), long-wave radiation (RL), metabolic heat production (M), and evaporation 22 
(E). The thermal loads were determined by using the neutral skin temperatures of different 23 
segments as listed in Table 5. In this table we have compared the indoor neutral skin 24 
temperature measured in this study and that measured by Olesen [24]. The mean skin 25 
temperature was obtained by weighting the skin temperature at different segments. We used 26 
the weighting coefficients adopted by Fiala [25]. It can be seen in the table that our 27 
measured indoor neutral temperatures agreed well with those from Olesen, which confirms 28 
the accuracy of our measurements.  29 
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 1 
Table 5. The means and standard deviations of the neutral skin temperatures of different 2 
body segments measured in this study and by Olesen [24].  3 

Locations This study Olesen [24] 

Mean skin 33.6 ± 0.5 33.5 ± 0.5 

Head 34.3 ± 0.5 34.2 ± 1.0 

Face 32.8 ± 0.8 NA 

Thorax 34.8 ± 0.7 34.4 ± 0.6 

Abdomen 35.0 ± 0.9 34.9 ± 1.0 

Upper arm 32.8 ± 1.1 33.5 ± 0.9 

Lower arm 33.3 ± 1.1 32.7 ± 0.8 

Hand 33.5 ± 1.5 33.5 ± 1.0 

Upper leg 32.4 ± 1.1 33.7 ± 0.8 

Lower leg 32.1 ± 1.0 32.6 ± 1.1 

Foot 33.8 ± 1.6 32.2 ± 2.0 

 4 

  Figure 6(a) shows the change in thermal load with time for a human subject in the 5 
outdoor environment in the cold case. The metabolic heat gain M was constant at 70 W/m2. 6 
The heat gain from short-wave radiation (RS) was 69 W/m2. The RS increased slightly 7 
during the test because the test was carried out in the morning and the solar radiation 8 
increased over time. The greatest heat loss was from convection because of the low air 9 
temperature and high wind speed. The convective heat loss varied from 67 to 211 W/m2 10 
because of the fluctuation in wind velocity. The wind fluctuation also affected the clothing 11 
temperature and the surrounding surface temperatures, and thus produced significant 12 
changes in long-wave radiation RL. The heat loss from evaporation was only 20 W/m2, 13 
which was much smaller than the other forms of thermal load. Because of the great 14 
variation in convective heat loss, the total thermal load ranged from -32 to -157 W/m2. 15 

 16 
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   1 

(a)              (b) 2 

 3 

 4 
(c) 5 

Figure 6. Changes in various forms of thermal load for an individual in the outdoor 6 
environment: (a) cold case, (b) mild case, and (c) hot case. 7 

 8 

  In the mild case, as shown in Figure 6(b), the RS heat gain varied from 64 to 106 W/m2 9 
because direct solar radiation was frequently blocked by clouds. The convective heat loss 10 
ranged from 49 to 124 W/m2. The temperature difference between the human surface and 11 
the air in the mild case was smaller than the difference in the cold case. As a result, the 12 
convective heat loss in the mild case was less than that in the cold case. The heat gain for 13 
the individual in the mild case was almost balanced by the heat loss. The net thermal load 14 
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ranged from -31 to 39 W/m2. 1 

  In the hot case, as depicted in Figure 6(c), the net thermal load still reached an average 2 
value of 90 W/m2 because of the small convective heat loss, even though the average short-3 
wave radiative thermal load was only 41 W/m2. The convective heat loss was small because 4 
of the low air speed and the very small temperature difference between the human body 5 
surface and the air.  6 

  The thermal load magnitudes for the three cases differed significantly from each other. 7 
For example, the averaged total thermal loads were -83, -13, and 90 W/m2 for the cold, 8 
mild, and hot cases, respectively. The differences arose mainly from the convection due to 9 
the various temperature differences between the human body surface and the air. The mean 10 
convective heat losses were 132, 91, and 6 W/m2 for the cold, mild, and hot cases, 11 
respectively. These differences caused the variations in the skin temperatures, as shown in 12 
the next section. 13 

 14 

3.4. Model performance in predicting the mean skin temperature  15 

The measured mean skin temperatures (Tsk,m) can be used to assess the model’s 16 
calculation of Tsk,m. Figure 7(a) compares the measured and calculated Tsk,m for the subjects 17 
under dynamic outdoor thermal conditions indicated by UTCI. The error bars of the 18 
measured Tsk,m are the standard deviations of the Tsk,m for different subjects. It can be seen 19 
that the measured Tsk,m continued to decrease for the first 30 minutes. The rate of decrease 20 
was high at first, but it gradually slowed down. For the next 30 minutes, because of the 21 
change in wind speed and the corresponding convective heat transfer, the measured Tsk,m 22 
showed minor fluctuations of ±0.3 K. The change in the wind speed is reflected in the 23 
change in the UTCI. At the end of the exposure period, the Tsk,m was 30.4 oC. The model 24 
was capable of predicting the decrease and the fluctuations in Tsk,m. However, because the 25 
five-minute recording interval for wind speed and solar radiation was not sufficient to 26 
capture all the changes, the model failed to predict some of the minor fluctuations in Tsk,m. 27 
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 1 
(a) 2 

 3 
(b) 4 
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 1 
(c) 2 

Figure 7. Measured and calculated Tsk,m for subjects under dynamic outdoor climatic 3 
conditions indicated by UTCI: (a) cold case, (b) mild case, and (c) hot case. 4 
 5 

  Figure 7(b) compares the measured and calculated Tsk,m for the mild-climate test in 6 
Tianjin. The measured Tsk,m had an overall decreasing trend. At t = 35 minutes, because the 7 
elevated wind speed reduced the UTCI, Tsk,m was decreased by 0.4 K. At t = 45 minutes, 8 
Tsk,m returned to the previous level as the wind speed dropped and the solar radiation 9 
increased. At t = 55 minutes, the local minimum of Tsk,m corresponded to the increase of 10 
wind. When the test was finished, Tsk,m was 32.1 oC. The change in the mean skin 11 
temperature generally corresponds to the changes in UTCI. With the one-minute recording 12 
frequency for wind speed and solar radiation in Tianjin, the prediction accurately captured 13 
the variation in Tsk,m during the second half hour. During the first half hour, the prediction 14 
showed a large number of small fluctuations in Tsk,m. This occurred because the wind speed 15 
measured during that period had many abrupt changes.  16 

  Figure 7(c) provides a comparison of the measured and calculated Tsk,m for the hot-17 
climate test in West Lafayette. The measured Tsk,m increased to 35.3 oC at t = 20 minutes. 18 
The clothing absorbed sweat from the subject, and as the sweat penetrated the clothing, 19 
evaporation started to increase and Tsk,m began to decrease. At the end of the test, Tsk,m was 20 
34.7 oC. The prediction of Tsk,m was generally acceptable, except that it missed the 21 
fluctuation at the end of the test, which led to an error of 0.4 K.   22 

  Unlike Tsk,m in the indoor environments, the Tsk,m values in the outdoor spaces usually 23 
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deviated from the neutral value of 33.5 oC and changed dynamically. During the three tests, 1 
the mean skin temperature of the subjects ranged from 30.4 to 35.3 oC. The cold-climate 2 
case had the most significant overall change in Tsk,m, but the fluctuation in Tsk,m was minor 3 
because of the heavy clothing insulation. Compared to the cold case, the mild case had a 4 
smaller overall change in Tsk,m. However, in the mild case, where the average clothing value 5 
of subjects was only 0.47 clo, the skin temperature changed immediately with the thermal 6 
environment. In the hot case, because the thermal environment was stable, Tsk,m was also 7 
stable.  8 

  The model’s predictions of Tsk,m for the three selected tests were satisfactory. Figure 8 9 
compares the measured and calculated Tsk,m for all the tests. The results show that in 94.7% 10 
of the cases, there was a difference of less than 1 K between the predicted and measured 11 
Tsk,m; in 74.9% of the cases, the difference was less than 0.5 K. Many factors contributed 12 
to these differences. For example, the thermal and physiological properties of the human 13 
body in the model may have been different from the actual properties of the subjects. The 14 
clothing resistance values used in the prediction were estimated from tabulated values. The 15 
recording frequency of wind speed and solar radiation was not high enough to capture all 16 
the dynamic changes in the thermal environment. With these uncertainties, the performance 17 
of the model in predicting the mean skin temperature is acceptable. 18 

 19 

 20 

Figure 8. Comparison between the measured and predicted Tsk,m for all the cases. 21 
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 1 

 2 

3.5.Mean skin temperature and thermal sensation 3 

The mean skin temperature is correlated with the thermal sensation of the subjects. 4 
Figure 9 depicts the measured Tsk,m and the TSV reported by the subjects in the outdoor 5 
spaces in the three typical cases. It can be seen that the TSV generally followed Tsk,m. For 6 
example, in the cold case (Figure 9(a)), the thermal sensation gradually decreased to -2.5 7 
as Tsk,m decreased to 30.5 oC during the first 30 minutes. Because of the heavy insulation, 8 
the change in Tsk,m was slower than the change in the TSV. When the mean skin temperature 9 
fluctuated, the thermal sensation changed accordingly, which can also be observed in the 10 
mild case. At t = 35 minutes in Figure 9(b), the TSV dropped from -1.2 to -1.8, while Tsk,m 11 
decreased from 32.1 to 31.7 oC. At t = 45 minutes, when Tsk,m rose to 32.2 oC, the TSV 12 
increased to -0.9. The trend is also obvious in the hot case. As shown in Figure 9(c), the 13 
Tsk,m of the subject increased to 35.3 oC at t = 20 minutes, and the TSV of the subjects was 14 
2.25. The warm feeling was gradually alleviated after the change rate of Tsk,m reversed. At 15 
t = 45 minutes, the TSV decreased to 1.0, while Tsk,m was still as high as 34.7 oC. 16 

 17 

 18 
(a) 19 
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 1 

(b) 2 

 3 
(c) 4 

Figure 9. The measured Tsk,m and the TSV reported by subjects in outdoor spaces:  (a) cold 5 
case, (b) mild case, and (c) hot case. 6 
 7 

  As shown in Figure 9, small changes in the mean skin temperature could led to large 8 
changes in TSV. This is because of “alliesthesia.” De Dear [26] defined alliesthesia as a 9 
phenomenon in which a pleasant feeling is evoked by the restoring of a regulated variable 10 
to its set-point. Alliesthesia is common in outdoor environments, where the skin 11 
temperature of the human body frequently deviates from the set point and the dynamic 12 
outdoor environment mediates the deviation. As a result, the alliesthesia effect is one of the 13 
reasons for the large discrepancy in outdoor thermal comfort found across different studies. 14 
Figure 9 showed that the alliesthesia effect exists at certain times. When pooling all the 15 
data obtained in the subject tests, there was hardly any correlations between the changes in 16 
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the skin temperature and the changes in TSV. In our subject tests, the outdoor thermal 1 
environment cannot be controlled. To further understand the alliesthesia effect, experiment 2 
under controlled thermal environment may be conducted.  3 

  Generally, the mean skin temperature and the thermal sensation correlated well with each 4 
other in the present study. Figure 10 shows the scatter plot between Tsk,m and TSV. The 5 
correlation in Figure 10 is 0.72, which is reasonably high. Therefore, the mean skin 6 
temperature is a good predictor of thermal comfort.  7 

 8 

Figure 10. Scatter plot between Tsk,m and TSV. 9 

 10 

3.6.Local skin temperature 11 

Please note that the above study used the mean skin temperature. Because of the 12 
different thermophysical properties of body segments and varying levels of clothing 13 
insulation on various body parts, the skin temperature was not the same at different body 14 
segments. The difference was more obvious in outdoor spaces because of the wide ranges 15 
of the thermal conditions. 16 

Using the cold case as an example, Figure 11 compares the measured and modeled local 17 
skin temperature for subjects in the cold case. The temperature of the upper body segments, 18 
such as the abdomen, thorax, and arms, was almost constant because of the heavy insulation. 19 
For segments without clothing, such as the head, face, and hands, the temperature 20 
decreased rapidly. At the end of the test, the face had the lowest temperature of 19 oC, 21 
whereas the thorax temperature was 34.7 oC; the difference was 15.7 K. Note that the 22 
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temperature of the foot decreased by only 1.2 K, from 32.7 oC to 31.5 oC. This was probably 1 
due to the high heat generation in the feet when a subject remained in the standing position.  2 

 3 

 4 

Figure 11. Comparison between the measured and predicted skin temperature at different 5 
body segments of the subjects in the cold case.  6 

 7 

The model’s prediction of the local skin temperature captured the general trend. For 8 
example, the model correctly predicted that the face temperature was the lowest. However, 9 
at the end of the test, the predicted face temperature was 5 K higher than the measured 10 
temperature. The deviation may have been due to inaccuracy in the local properties that 11 
were used, such as local clothing properties, local metabolic heat production values, and 12 
local counter-current heat exchange coefficients. A study by Vseela et al. [27] revealed that 13 
the use of different local properties can cause a 0.4–4.4 K difference in local skin 14 
temperature. Our model estimated the local clothing insulation by converting the whole-15 
body clothing insulation of a clothing element to its local value [19], which was not 16 
sufficiently accurate. The local metabolic rate and the local counter-current heat exchange 17 
coefficient in our model were from empirical data provided by [25], who obtained some of 18 
the coefficients by a trial-and-error procedure that matched the predicted and measured 19 
skin temperatures. 20 

In summary, local skin temperatures at different segments vary greatly and are harder 21 
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to predict than mean skin temperature. Although the results are not presented here, similar 1 
trends and prediction accuracy were found for the mild and hot cases. At some body 2 
segments, the measured and predicted skin temperature can differ greatly. 3 

 4 

4. Discussion 5 

  As pointed out in previous studies [25,28], core temperature is an important 6 
physiological parameter that affects thermal comfort. Besides the thermoreceptors at skin, 7 
the thermoreceptors at body core also plays a crucial part in the integrated signals for 8 
thermoregulation. Core temperature is also central in the alliesthesia theory [26,29]. 9 
However, because of the large inter- and intra-personal variability of core temperature [28], 10 
we did not obtain this parameter.  11 

  Wind speed was measured by a vane anemometer or cup anemometer in our study. These 12 
two types of anemometer are easy to use outdoors, but they are not accurate when the wind 13 
speed is low. A more accurate instrument, such as an ultrasonic anemometer, should be 14 
used in the future.  15 

  The age of the subjects has a wide range from 19 to 59. Since the physiological 16 
conditions, such as heat generation and sweat excretion for various ages of people are 17 
different, potential inter-personal uncertainties might be introduced in the data. 18 

  Ideally, the long-wave radiation from the surroundings should be measured by six long 19 
wave infrared radiation pyrgeometer in orthogonal directions. This study used the method 20 
from RayMan software to estimate the long-wave radiation from the sky and the solid 21 
surfaces and distributed the long-wave radiation averagely on the human surface. This 22 
would inevitably introduce errors on the boundary conditions and the model calculation of 23 
skin temperature.  24 

  Most previous studies concerning outdoor thermal comfort used the field survey 25 
approach. The focus was on the relationship between the thermal environment and the 26 
thermal sensation. The skin temperature was not measured. This study obtained the skin 27 
temperature and used it as a bridge between the thermal environment and the thermal 28 
sensation. Instead of just collect one point of data in the previous field survey study, this 29 
investigation obtained the data during the entire exposure. This allowed us to study the 30 
dynamic part of thermal comfort.  31 

 32 
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 1 

5. Conclusions 2 

  This paper presented our study of dynamic thermal comfort in outdoor environments. 3 
With the use of human subjects, the investigation measured outdoor thermal environmental 4 
parameters, monitored the subjects’ skin temperature at different body segments, and 5 
recorded the subjects’ thermal sensation. A total of 26 subjects participated in our study, 6 
which generated 94 sets of data under different climatic conditions with outdoor air 7 
temperatures ranging from -0.1 to 35.0 oC. The following conclusions can be drawn from 8 
the study.  9 

The outdoor measurements show that the wind speed and solar radiation fluctuated 10 
significantly during the tests, while the air temperature and relative humidity were 11 
relatively stable. The strong fluctuation in wind speed and solar radiation led to rapid 12 
changes in the convective and radiative thermal loads, which affected the mean skin 13 
temperature of the human subjects and the thermal sensation that they reported. The local 14 
skin temperature at the trunk in the cold conditions did not change much (remaining at 15 
around 34 oC) because of heavy insulation and large thermal capacity, while the face 16 
temperature decreased to as low as 19 oC.  17 

    This investigation developed a human heat transfer model that accounts for 18 
fluctuations in the outdoor thermal environment. The model considers short-wave and 19 
long-wave radiation in an outdoor space and includes transient heat transfer for clothing at 20 
different body segments. Comparisons between the skin temperatures predicted by the 21 
model and the corresponding measured data show that the model can predict the mean skin 22 
temperature reasonably well. However, the discrepancy between the predicted and 23 
measured local skin temperature can be as large as 6 K. 24 

The study found a good correlation between the mean skin temperature and the thermal 25 
sensation reported by the human subjects in the cold and mild conditions. The correlation 26 
was not as good for the hot conditions because of the phenomenon of alliethesia. The mean 27 
skin temperature is a very important parameter for evaluating outdoor thermal comfort. 28 

 29 
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