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ABSTRACT

The demands for cooling and heating in buildings were affected by the thermal state of 

occupants. As an important physiological parameter reflecting thermal state, the mean skin 

temperature (MST) of human body was generally calculated by using limited sites of local skin 

temperatures (LSTs) with corresponding weight factors. In a cold climate, the distribution of 

local skin temperatures (LSTs) might be highly varied due to the thermoregulation mechanism 

and uneven distribution of clothing insulation. However, the accuracy of the weighting 

formulas to estimate MST has not been examined in winter conditions by previous studies. In 

this study, climate chamber experiments were conducted using 20 subjects wearing 9 different 

winter clothing ensembles exposed for 100 min in three different air temperature 22°C, 16°C 

and 10°C, respectively. Six original methods to estimate MST were compared to a reference 

method with 9 local points. Results show the errors of all these methods were increased in cold 

winter conditions compared to those in neutral winter condition. The variations of LSTs were 

analyzed and their relationships could be used to modify the weighting formulas. New 

simplified methods with different weight factors of LST were proposed and validated by using 

the data from the other two different studies in cold climates. Compared to the original methods, 

the errors were reduced up to 77.6% by using the new methods. Thus, this study provides 

reference information for thermal comfort studies about the optimal weighting formulas to 

estimate MST in winter conditions.

Keywords: Thermal comfort; mean skin temperature; error; cold climate; weighting formulas. 
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1 Introduction

Physiological responses of human body were the basic for thermal perception [1-4]. Mean 

skin temperature (MST) is one of the most important physiological parameters reflecting the 

thermal states of the human body [5-8]. There are many thermal comfort models that were built 

based on the values of MST [9-11]. In thermal comfort studies, the MST was generally 

estimated by measuring several specified points at different local body segments with 

corresponding weight factors [12]. Thus, the errors of the different weighting formulas to 

estimate MST could highly deteriorate the consistency of conclusions between different thermal 

comfort studies [13-15]. However, the accuracies of the weighting formulas were only 

compared or verified using naked or lightly clothed human subjects [16-18], which were 

different from those in winter conditions.

The true MST might be obtained only by measuring an infinite number of local skin 

temperatures (LSTs) in each location of the whole body, which is actually impossible to do so. 

Thus, the MST was generally estimated using a limited number of LSTs and their corresponding 

weighting factors. Considering the limitations of equipment and the convenience in thermal 

comfort studies, the weighting formulas with fewer measurement sites have been frequently 

used in the recent thermal comfort studies, such as eight points [19-21], seven points [22-24], 

five points [25, 26], four points [27-31] or three points [32]. Mitchell and Wyndham [17] 

compared nine different weighting formulas by studying two nude resting men with air 

temperature ranged from 13°C to 49°C, and argued that a 4-point(b) method proposed by 

Ramanathan [33] was suitable to be applied with acceptable accuracy. A later study using 

subjects with light summer clothes (0.3 clo) [34] also worked out similar results. However, in 
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reality, the occupants in buildings adapted to climate [35] with a variety of clothing types and 

insulation levels [36], who did not merely wear light clothes as those in the test conditions of 

previous studies. That means the accuracies of the weighting formulas with the same weight 

factors of LST might be different in winter conditions. 

The different distributions of local skin temperatures between warm and cold conditions 

are caused by the thermoregulation mechanism of human body [37]. Generally, the surface skin 

temperature of a body segment is determined by two aspects: the heat self-production or heat 

transfer from other body parts which mainly through blood flow [38]; and the heat loss from 

skin surface which is affected by surrounding environments and local clothing insulation. First, 

the amounts of heat production/transfer were not uniform at different body parts [39]. In a 

neutral environment, the LSTs were more uniform due to the sufficient heat transfer through 

blood flow and the limited heat loss at each body part. In a cold environment e.g. 10°C, the heat 

loss from limbs was much higher and three major cold mitigation functions might start to work 

[40]: shivering, vasoconstriction, and cold adaptive behaviors. The vasoconstriction could 

reduce the blood flow, and lead to the reduction of the heat transfer from trunk to limbs. Besides 

that, the distributions of local skin temperatures might also be affected by the cold 

acclimatization and the uneven distribution of local clothing insulation in winter conditions [41, 

42]. All these could cause more non-uniform distribution of skin temperature in cold 

environments. Our previous study in winter [43] showed the distribution of local skin 

temperatures was significantly different between the cold adapted and warm adapted occupants, 

which might also affect the performance of the methods to estimate MST. In the cold winter 

climate area, the occupants wore various kinds of clothing ensembles with different local 
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thermal insulations [44], which made the distribution of local body skin temperature more 

varied than in summer conditions. In winter conditions, there was generally much more clothing 

insulation at upper body than that at lower body, which made the LSTs of clothed upper body 

parts much higher than those of the clothed lower body and naked body parts. However, the 

performance of these methods to estimate MST has not yet been examined using subjects 

wearing heavy clothes in cold winter conditions. Considering the factors which might affect the 

accuracy of methods to estimate MST in a cold climate, it is vital to evaluate and modify them 

using solid experiment data of human subjects.

This study evaluated six original methods (proposed by previous studies) to estimate MST 

in cold environments with subjects wearing 9 different winter clothing ensembles (about 0.7-

1.6 clo). The analysis was performed to reveal the clusters of the thermal sensitivities of 

different LSTs in cold environments. Thus, four new methods with modified weight factors of 

LST were proposed in this study based on the results of the analysis. The improvements on the 

accuracies to estimate MST by using these new methods were also validated by using the data 

from other two previous studies: one was conducted in the severe cold conditions in the range 

of 7-15°C (1.32 clo) [45]; the other was conducted in 10°C and 22°C using subjects from a cold 

climate area in Finland [46]. The results from this study could benefit to the review of the 

consistency of conclusions related to MST in previous studies and to choose the optimal method 

to estimate MST in cold climate in future studies.

2 Methods 

2.1 Experimental platform and equipment 

A climate chamber with the dimensions of 4.0 m × 3.0 m × 2.7 m (H) was used to conduct 

the experiments, as Figure 1 shows. A 100-mm thick, double color steel plate and polyurethane 
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filling wall was used as thermal insulation to separate the internal environment of the climate 

chamber from the external environment. The supply air was induced from the perforated ceiling 

panels and the room air was exhausted from sidewall panels. The room air temperature (Ta) 

was controlled with an accuracy of ±0.30°C between –5°C and 40°C. The relative humidity 

was adjustable from 20% to 90% with an accuracy of ±5%. The preparation room was used for 

the subjects to stay before the experiments. The control/observation room was used by the test 

personnel to monitor the parameters of the control system and the experimental conditions of 

the subjects in the climate chamber.

LSI

Subject 1 Subject 2

4.50 5.15

4.00

4.20
Preparation room

Figure 1. Sketch of the experimental platform (Unit: m).

The environmental parameters including air temperature, black-bulb temperature, relative 

humidity, and air velocity was measured using the Thermal Comfort Station (LSI, Italy). The 

station (LSI) were placed close to the middle of two subjects, and the height of the sensors in 

the station was 0.6 m[47]. The surface skin temperatures were measured by the temperature 

sensors (TSD202B, BIOPAC) which equipped with a multi-channel physiological acquisition 

3.00
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system (MP150-SKT100C, BIOPAC). Before the measurement, all instruments were calibrated. 

Table 1 shows the ranges and precision of the instruments.

Table 1. Ranges and precision of instruments in climate chamber study.
Brand/model Equipment Variables Range Accuracy

Air temperature (Ta) −25 to 100°C ± 0.1°C

Black-bulb temperature −10 to 80°C ±0.15°C

Relative humidity 0–100% RH ±2% (15–40%) RH

±1% (40–70%) RH

±0.5% (70–98%) RH

LSI Thermal Comfort 

Monitoring Station

Air velocity 0.01–20 m/s ±0.05 m/s（0–0.5 m/s）

±0.1 m/s（0.5–1.5 m/s）

4% (> 1.5 m/s)

BIOPAC TSD202B Skin temperature 0–70 °C ±0.10℃

2.2 Experimental conditions and procedures 

Nine different cool/cold conditions including three air temperature levels with three 

clothing patterns were studied. According to the previous large-scale national thermal comfort 

investigation in China [48], the mean indoor air temperature in the coldest month ranged from 

about 11°C to 21°C in different climate zones of China, and the average indoor air temperatures 

in naturally ventilated buildings were about 22°C in October, 16°C in November, and 12°C in 

December in hot summer and cold winter climate zone [44]. To eliminate the effect of the 

different thermal adaptation levels between the experimental conditions in climate chamber and 

that in real-world building environments on results, the experiments were conducted during 

October, November and December with different air temperature settings of 22°C, 16°, 10°C, 

respectively. The relative humidity was about 53% ± 3% during the experiment. Because the 

thermal environment was controlled by an air-conditioning unit, and there were no obvious 

heat/cold radiation sources. The radiative temperatures were close to the air temperature in this 

study. There was no obviously wind in the climate chamber for the air velocity was measured 



8

to be less than 0.1 m/s during the experiment.

According to the previous investigation [44], the average clothing insulations were about 

0.60 clo in transition season and 1.30 clo in winter in the hot summer and cold winter climate 

zone of China. Thus, the clothing ensembles representing the typical situations in cold 

environments were shown in Table 2, including three different clothing insulation distribution 

patterns with half body: Series Basic was the typically basic clothing ensemble; Additional 

sweater (0.28 clo) added to the upper body in series Upper+; Additional trousers (0.28 clo) 

added to the lower body in series Lower+. The values of clothing insulation at half body are 

simply added up using the thermal insulation for garments listed in ISO- 7730 Table C.2 [47]. 

The thermal insulation of the plastic chair was zero in this study. To address the uneven 

distribution of clothing insulation between the upper and lower body, the distribution uneven 

index (DUI) proposed by Wu et al. [41] was revised as follows:

  ,                               (1)𝐷𝑈𝐼 =  
𝐼𝑐𝑙,𝑢𝑝𝑝𝑒𝑟
𝐼𝑐𝑙,𝑙𝑜𝑤𝑒𝑟

where,  is clothing insulation given by the upper body;  is clothing insulation 𝐼𝑐𝑙,𝑢𝑝𝑝𝑒𝑟 𝐼𝑐𝑙,𝑢𝑝𝑝𝑒𝑟

given by the lower body.

Table 2. Test conditions of clothing ensembles and insulations.
Series Ta 

(℃)
Upper body Lower body Icl,upper 

(clo)
Icl,lower 

(clo)
DUI

22 L.T-shirt; smock; Normal trousers; socks; 
shoes;

0.42 0.31 1.35 

16 L.T-shirt, sweater, smock; Normal trousers, underwear 
with long legs, socks, shoes 

0.70 0.41 1.71 

Basic

10 L.T-shirt, sweater, down jacket Normal trousers, underwear 
with long legs, socks, shoes

0.95 0.41 2.32 

22 Sweater added (0.28 clo) 0.70 0.31 2.26 
16 Sweater added (0.28 clo) 0.98 0.41 2.39 

Upper
+

10 Sweater added (0.28 clo) 1.23 0.41 3.00 
Lower 22 Trousers added (0.28 clo) 0.42 0.59 0.71 
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16 Trousers added (0.28 clo) 0.70 0.69 1.01 +

10 Trousers added (0.28 clo) 0.95 0.69 1.38 

Note: L.T-shirt is the Long-sleeve T-shirt; Icl,upper – clothing insulation given by the upper body; Icl,lower (clo) 

– clothing insulation given by the lower body.

The experiment of each condition lasted for 100 min and two subjects participated 

simultaneously in each session. Each subject was assigned an experimental test every 3–4 days 

to ensure that earlier tests did not affect the later tests. The experiments with different air 

temperature settings were conducted in different period according to the corresponding values 

of average outside history air temperature. The order of the experiments with different series of 

clothing was random. Every subject was exposed to all the experimental conditions. Before the 

experiment started, subjects stayed in the preparation room for 30 min to reduce the effect of 

thermal history and waiting for the stabilization of instruments. They spent this time being 

familiar with the experimental protocol, changing clothes, and attaching temperature sensors to 

their skin. The LSTs at different body segments were measured by high accuracy temperature 

sensors (TSD202B, BIOPAC in Table 1) which were fixed with the right side to the skin using 

medical adhesive tape. Nine different temperature sensors with marked numbers were attached 

to the corresponding measurement points (as Figure 3 shows) at the regions of head, chest, 

back, upper arm, forearm, thigh, foot, calf, and hand, respectively. Once the test began, all the 

data from temperature sensors for LST were recorded through a multi-channel physiological 

acquisition system (MP150-SKT100C, BIOPAC) and saved in the computer. To avoid 

abnormal data which may be due to measurement errors or experimental influences, all data 

were preprocessed using the Tukey‘s test [49] before the analysis, with anomalous (i.e. far 

outside of the normal range of instruments measurement or experimental conditions) values 
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deleted. After that, the average data with an interval of 10 min was used to be further analyzed 

in this study. The work described was carried out under The Code of Ethics of the World 

Medical Association (Declaration of Helsinki) [50] for experiments involving human subjects. 

The university's ethics committee approved all experiment protocols.

2.3 Subjects

The idea of power analysis introduced by Lan and Lian [51] was used to determine the 

minimum sample size with reasonable and reliable results in this study. Thus, three thresholds 

were applied by using the software G*Power 3.1 [52, 53]: The required significance level P 

(i.e. the possibility of α error), power level (1-β error) and the effect size (d) of target parameters 

for repeated measures. The values of α and (1-β) were set at 0.05 and 0.8 as suggested in the 

previous study [54]. For an F-test (ANOVA: Repeated measures, within factors), the minimum 

total sample size was 12 with a medium effect size (d = 0.4) of the studied parameters [51]. 

Thus, a bigger sample size of twenty college students (10 male and 10 female) were recruited 

to ensure the reliabilities of the results. All the subjects were in good health and had resided in 

Chongqing for a period of more than one year. Table 3 provides the age and physical attribution 

of the subjects. 

Table 3. The age and physical attribution of subjects.

Gender Age (year) Height (cm) Weight (kg) BMI (kg/m2)

Male 23.6±1.0 171.8±4.0 60.7±4.8 21.2±1.3

Female 23.7±1.1 161.4±7.5 47.9±6.6 18.3±1.9

All 23.6±1.0 166.3±8.0 53.9±8.7 20.1±.1.7

Note: mean value ± standard deviation (S.D.), BMI – body mass index.
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2.4 The original methods to estimate mean skin temperature (MST)

Figure 2 shows the ratio between the area of the local body part and the total body surface 

[55]. Table 4 shows the weighting factors of local skin temperatures in different MST 

estimation methods. The MST could be most accurately calculated by using the measurement 

location and responding weight factors in which LST best represents the average skin 

temperature and the ratio of the area of the corresponding body segment. The weighting factors 

in 9-point methods to calculate MST are similar to the ratios of the responding local area of the 

body segment. Based on the local body surface area [55], a 9-point method [56] for calculating 

mean skin temperature was used as the reference MST (refer to as the “reference method”) in 

this study. Other methods are referred to as “simplified methods”. 

No. Area Ratio

1 Head and face 0.07

2 Chest and abdomen 0.175

3 Back and Buttocks 0.175

4 Upper Arms 0.07

5 Forearm 0.07

6 Hands 0.05

7 Thighs 0.19

8 Calves 0.13

9 Feet 0.07

Figure 2. Body segment and the ratio between the area of a local body part and total body 

surface [55].

Table 4 listed the weighting factors of skin temperatures at local measurement points in 

different original methods. Figure 3 shows the locations of measurement points and the paths 
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of simplification with local skin temperatures. Compared to 9-point method: the weight factors 

of foot skin temperature were merged into the calf in the original 8-point method, which 

recommended by Gagge and Nishi [57] and ISO 9886 [58]; the back was merged to chest, and 

upper arm was merged to forearm in the original 7-point method proposed by Hardy and Dubios 

[59]; the back, upper arm, and forearm were all combined to chest, and foot was combined to 

calf in the original 5-point method [60]. The weight factors of the different local body parts 

were further simplified in the original 4a-point method proposed by Newburgh and Spealman 

[61], the original 4b-point method proposed by Ramanathan [33] and the original 3-point 

method proposed by Burton [62]. It’s hard to tell how the weight factors were exactly built up 

in these fewer-points (i.e 4a, 4b and 3-point) methods. Thus, to understand the possible errors 

and improvements of these different methods to estimate the MST in cold environments, the 

thermal responses and sensitivities of different local skin temperatures need to be analyzed 

firstly.

Table 4. The weighting factors of LSTs in different original methods. 

Methods (Ref.) Head Chest Back Upper arm Forearm Hand Thigh Calf Foot

9 – point [34, 55] 0.07 0.175 0.175 0.07 0.07 0.05 0.19 0.13 0.07

8 – point [57, 58] 0.07 0.175 0.175 0.07 0.07 0.05 0.19 0.2 /

7 – point [59] 0.07 0.35 / / 0.14 0.05 0.19 0.13 0.07

5 – point [60] 0.07 0.5 / / / 0.05 0.18 0.2 /

4a – point [61] / 0.34 / / 0.15 / 0.33 0.18 /

4b – point [33] / 0.3 / 0.3 / / 0.2 0.2 /

3 – point [62] / 0.5 / / 0.14 / / 0.36 /
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Note:  paths of simplified local points in different MST methods 

Figure 3. Measurement points and the paths of simplification with local skin temperatures 

2.5 Data processing and evaluation indices

2.5.1 The indices for the evaluation of MST estimation methods

Three kinds of approaches are used to evaluate the performance of mean skin temperature 

estimation methods: mean absolute errors (MAE), standard deviations of absolute errors, and 

agreement frequency. To quantify the differences of MST between the simplified and the 

reference methods, the absolute error in Equation (2) and the mean absolute error (MAE) in 

Equation (3) were used to evaluate the errors of the simplified methods. A smaller MAE 

indicates a more accurate estimation performance of the simplified methods. These values are 

given by:

                         (2)𝐸𝑟𝑟𝑜𝑟i = |𝑇𝑠𝑘 𝑠𝑖𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑑, i ― 𝑇𝑠𝑘𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑖|

and

,                                  (3)𝑀𝐴𝐸 =  
∑𝑛

𝑖 = 1𝐸𝑟𝑟𝑜𝑟𝑖

𝑛

where is the MST estimated by the simplified methods and  is the 𝑇𝑠𝑘 𝑠𝑖𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑑, i 𝑇𝑠𝑘𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒,𝑖
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reference MST at the condition i; n is the number of test data. 

The standard deviation (SD) of errors was used to evaluate the reliability of the simplified 

method. A smaller value of SD means a more robust simplified method. The SD is given by 

                     (4)𝑆𝐷 =  
∑𝑛

𝑖 = 1(𝐸𝑟𝑟𝑜𝑟𝑖 ―
1
𝑛∑

𝑛
𝑖 = 1𝐸𝑟𝑟𝑜𝑟𝑖) 

2
 

𝑛 ― 1

The agreement frequency [17] was used to evaluate the percentage of the estimated MST 

values by the simplified methods that agree with the MST values by the reference method. This 

value reveals in what proportion the MST can be accurately estimated by the simplified methods 

as the same as the reference 9-point method. Because most of the accuracy of temperature 

sensors [25, 34, 55, 60] were in the range between ± 0.1°C and ± 0.3°C, the agreement 

frequency in this study is defined as the ratio of the number of samples that have a deviation 

value within ± 0.3°C by the simplified methods to the number of all samples, using the 

equation as follows:

              (5)𝐴𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑎𝑔𝑟𝑒𝑒𝑖𝑛𝑔 𝑤𝑖𝑡ℎ𝑖𝑛 ± 0.3°C  

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 × 100%

When evaluating simplified methods, these three indices were considered together. For 

practical reasons, e.g. easier to be measured, lower cost of sensors, less interference to 

occupants and so on, suitable MST evaluation methods should also have fewer measuring points. 

Thus, the possibility to use only 3 points of LSTs to estimate MST was also focused in this 

study.

2.5.2 Data processing of local skin temperatures (LST)

The significance test was used to find out if there is a difference between different local 

skin temperatures. The local skin temperatures which are not significantly different from each 
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other could be combined to one local skin temperature. The value in Equation (6) was used to 

evaluate the difference between these two local skin temperatures. The value is given by:

                         (6)𝐷𝐿𝑆𝑇i = 𝑇𝑗, 𝑖 ― 𝑇𝑘, 𝑖

where DLST is the difference of LSTs, i is the condition, and j, k is the local body parts.

The standard deviation (SD) of DLSTs is given by 

                     (7)𝑆𝐷 =  
∑𝑛

𝑖 = 1(𝐷𝐿𝑆𝑇𝑖 ―
1
𝑛∑

𝑛
𝑖 = 1𝐷𝐿𝑆𝑇𝑖) 

2
 

𝑛 ― 1

For local skin temperatures, a smaller value of SD means the differences between these 

two local skin temperatures were stable with time and thermal conditions, resulting in a higher 

possibility to replace one local measurement point by the other.

3 Results

3.1 Distributions of local skin temperature in different winter conditions  

Figure 4 shows the distributions of local skin temperature (LST) in the nine different winter 

conditions. The color at each body part was drawn manually using Adobe Photoshop CS6 

according to the measurement results of the LST, representing the values of the color bar at the 

bottom of the Figure. It is obvious that the LST at hand was much lower and easier to be affected 

by the air temperature than that of other body parts. The main reasons are the unclothed surface 

of hand and the limited heat self-production with limited heat transfer from other body parts. 

Although the head was also exposed to air without clothing, the LST was higher than hand and 

most parts of limbs. The main reason is the higher requirement for thermostasis at head with 

larger heat transfer from the trunk to the head through blood flow. Generally, the LST was 

higher at the trunk than other body parts in most conditions. And the LSTs were much lower at 
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the lower body parts and hand than those of most upper body. Compared to the Series basic, 

the LST at trunk was increased in the Series Upper+, and the LSTs at arms and hands also 

increased at cold winter conditions (10°C and 16°C) in the Series Upper+. Compared to the 

Series basic, the LSTs at thighs, calves, and feet were increased in the Series Lower+, and the 

LSTs at head and lower arms were also increased at cold winter conditions (10°C and 16°C) in 

the Series Lower+. That also means the physiological response to thermal environments was 

slightly different between neutral winter conditions (22°C) and cold winter conditions (10°C 

and 16°C).
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Figure 4. Distributions of local skin temperature in different winter conditions

3.2 Performance of the original methods 

Table 5 shows the performance of the simplified methods to estimate MST. Generally, the 

mean absolute error (MAE) was increased and the agreement frequency was decreased with the 

reduction of measured points of LST. For simplification, the 5-point, 4a-point, 4b-point, and 3-

point methods are referred to as the “fewer-point” methods in the following. The MAEs were 
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much higher using the O8 and O7 methods (MAE = 0.15 and 0.18) than the fewer-point 

methods (MAE: 0.26-0.41). The agreement frequencies (<0.3°C) of the O8 and O7 methods 

(91.7% and 83.4%) were also much higher than the fewer-point methods (44.8%-66.0%). The 

standard deviations of errors were increased with the increasing MAE, which implies that the 

values of errors were more unstable when the MAE was higher. The MAE of the 4a-point 

method (MAE = 0.26) was lowest and agreement frequency was highest (66.0%) among the 

fewer-point methods. 

Table 5. The performance of MST estimation using different original methods. 

Methods MAE SD of errors Agreement

Original 8 – point (O8) 0.15 0.12 91.7%

Original 7 – point (O7) 0.18 0.14 83.4%

Original 5 – point (O5) 0.41 0.30 44.8%

Original 4a – point (O4a) 0.26 0.23 66.0%

Original 4b – point (O4b) 0.41 0.31 45.0%

Original 3 – point (O3) 0.41 0.35 47.6%

Figure 5 shows the absolute errors and the agreement frequency using original methods in 

different thermal conditions. In the neutral condition (22°C), the errors were not quite different 

between the fewer-point methods. However, the errors of O5, O4b and O3 point methods were 

increased in cold environments (10°C and 16°C) than those in neutral condition (22°C), while 

the increased errors in 4a method in cold environment were smaller compared to the other 

fewer-points methods. Generally, the agreement frequencies were decreased more in cold 
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environments (10°C and 16°C) compared to those in the neutral condition (22°C). That means 

the accuracies of these simplified methods to estimate MST might be compromised by the 

uneven distribution of LSTs in cold environments. Among the fewer-point methods, the 4a 

(chest-0.34, forearm-0.15, thigh-0.33, calf-0.18) method corresponds very well to the results of 

more complex methods. What’s more, the variation of the errors and agreement frequencies in 

different cold-neutral conditions was also very small by using the 4a-point method. That means 

the result of the 4a-piont method was more robust than other fewer-point methods. One reason 

might be that the merged weight factors of head/part-arm to thigh were reasonable because of 

their similar distance from the trunk, which will lead to a similar thermal response to cold.
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Figure 5. The absolute errors and agreement frequency using original methods in different 

thermal conditions.

3.3 Variations of local skin temperatures (LSTs) 

Figure 6 shows the variation of local skin temperatures in cold-neutral environments (10-

22°C, and 0.7-1.6 clo). The average values of different LST ranged from 34.4°C to 28.0°C. The 

LST of local body parts from the highest to the lowest were: chest, back, upper arm, head, 

forearm, thigh, foot, calf, and hand. The variations of LST at foot and hand were higher than 

the other body parts. Significance tests (T-test: independent and matched pairs) showed that 
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most of the LSTs were significantly different from each other, except for the LST between the 

foot and calf. The results of the significance level of the LST between foot and calf were 

different using the treatment of independent (P = 0.153) and matched pairs (P = 0.001). This 

means although the average LSTs were not significantly different between foot and calf using 

the whole data of the experiment (T-test: independent), the instant LSTs between foot and calf 

were significantly different (T-test: matched pairs at the same measurement time). That also 

implies using the LST of the calf to replace the LST of the foot might have a significant effect 

on the instant value of MST. 
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Figure 6. Variation of local skin temperatures in cold-neutral environments.

Figure 7 shows the differences in LST (DLST) and standard deviation of the differences 

between LSTs (T-test: matched pairs). Although the average DLST between foot and calf was 

only 0.16°C, the standard deviation (SD) of DLST was high (2.51°C), which means the 

differences were highly varied as a function of thermal conditions. Specifically, the LST of the 

foot was higher in neutral or warm conditions but lower in cold conditions than the LST of the 

calf, which might be caused by the peripheral blood flow effect. According to the different 
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values of DLSTs (in Figure 7) and the original methods with at least 3 points to estimate MST 

in Table 4, the local body parts could be also clustered to three series: (I) chest and back; (II) 

head, upper arm, forearm, and half-thigh; (III) half-thigh, foot, calf, and hand. Two criteria were 

used to select the optimal local site to be measured in series (I) and (III), the least DLST and 

least SD methods, which were calculated using the equations as follows:

 ,                                   (8)𝑀𝑖𝑛(𝑓(𝑖)) =  ∑𝑛 ― 1
𝑗 𝑤𝑗 × 𝐷𝐿𝑆𝑇𝑖,𝑗

 ,                                   (9)𝑀𝑖𝑛(𝑔(𝑖)) =  ∑𝑛 ― 1
𝑗 𝑤𝑗 × 𝑆𝐷𝑖,𝑗

where i is the selected (or optimal) local body part; j is the other local body part in each 

series;  is the weight factor of local part j, DLSTi,j is the difference of LSTs and SDi,j is the 𝑤𝑗

standard deviation of the DLSTi,j between the local body part i and j; and n is the number of 

local body parts in each series.

Back 0.58

U. arm 1.22 0.64

Head 1.46 0.88 0.24

Forearm 2.00 1.42 0.77 0.53

Thigh 3.39 2.81 2.17 1.93 1.39

Foot 5.17 4.59 3.94 3.70 3.17 1.78

Calf 5.33 4.75 4.10 3.86 3.33 1.94 0.16

Hand 6.39 5.81 5.17 4.93 4.40 3.00 1.23 1.06

Chest Back U.arm Head Forearm Thigh Foot Calf

Back 1.15

U. arm 1.18 1.38

Head 1.39 1.81 1.44

Forearm 1.30 1.46 1.08 1.47

Thigh 1.60 2.00 1.62 1.69 1.53

Foot 3.38 3.76 3.26 3.13 2.96 2.81

Calf 1.77 2.18 1.85 1.80 1.60 1.45 2.51

Hand 3.76 4.02 3.57 3.39 3.19 3.18 2.87 2.93

Chest Back U.arm Head Forearm Thigh Foot Calf

Differences of LST (DLST) 
 Of 

Standard deviation of the DLST 
 Of 

Figure 7. Differences and standard deviation of the differences between local skin temperatures 

(T-test: matched pairs, U. arm – upper arm).

Table 6 shows the results of the sum of localized DLST and SD of DLST from Equations 

(8) and (9). Thus, considering the least values of both localized DLST and SD of DLST, the 

forearm and calf were turned out to be the optimal local measurement point in each series, 

respectively. This means these body parts have a minimum deviation with the other body 
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parts in each series. Besides that, the relationships of DLSTs between the optimal local body 

part and other local body parts in each series are further analyzed in the following section.

Table 6. The results of the sum of localized DLST and SD of DLST from Equations (8) and (9)

Local parts Series II Series III

Equation U. arm Head Forearm Thigh-0.09 Thigh-0.10 Foot Calf Hand

𝑛 ― 1

∑
𝑗

𝑤𝑗 × 𝐷𝐿𝑆𝑇𝑖,𝑗
-0.27 -0.19 -0.03 0.38 -0.49 0.10 0.15 0.49

𝑛 ― 1

∑
𝑗

𝑤𝑗 × 𝑆𝐷𝑖,𝑗
0.32 0.36 0.32 0.34 0.49 0.75 0.42 0.84

3.4 The effects of environmental parameters on DLSTs 

The relationships of DLSTs between the optimal local site and the other local sites in each 

series may also be affected by different thermal conditions. Thus, the spearman test was applied 

to see if there is a strong relationship between DLSTs and environmental parameters. The 

studied environmental parameters included air temperature (Ta), whole-body clothing 

insulation (Icl), local clothing insulation of the upper body (Icl,upper ), local clothing insulation of 

the lower body (Icl,lower ), and distribution uneven index (DUI in Equation (1)), as shown in 

Figure 8. The coefficients of Spearman’s rank (rs) range from -1 to 1, and normally there is a 

strong relationship when rs > 0.3 or rs < -0.3 [63]. In most cases (expect Thigh-Forearm), the 

air temperature significantly correlated to the values of DLSTs between two local body parts. 

The negative values of rs, e.g. the Thigh-Calf and U.arm-Forearm, mean the DLSTs of them 

were increased with the decreased air temperature, vice versa. However, the DLSTs of Hand-

Calf were decreased with the decreased air temperature, means the value of LST at hand was 

closer to that at calf within some air temperature range in cold environments.
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Figure 8. Coefficients of Spearman’s rank correlation between DLSTs and environmental parameters 

(U.arm means upper arm).

To eliminate the effect of air temperature when analyzing the specific portion of DLSTs 

explained by the specific thermal factor, the partial correlation [64-66] was applied. Figure 9 

shows that no other factors had a significant correlation with the DLSTs of Thigh-Calf and 

U.arm-Forearm, which means their DLSTs were mainly affected by air temperature (Ta). The 

clothing insulation (Icl) was significantly correlated to the DLSTs of foot-calf. The DUI and the 

local clothing insulation of the lower body (Icl,lower ) were significantly correlated to the DLST 

of Hand-Calf and Head-Thigh. Negative values of rs mean the DLSTs of Hand-Calf and Head-

Thigh were decreased with the increased local clothing insulation of the lower body (Icl,lower ).



24

Hand - Calf

Foot - Calf

Thigh - Calf

U. arm - Forearm

Head - Forearm

Head - Thigh

-1.0 -0.5 0.0 0.5 1.0

**
**

** ** P < 0.01
*  P < 0.05

*

Coefficients of Partial correlation

DUI

Icl,lower

Icl,upper

Icl

*

DLSTs

Figure 9. Coefficients of partial correlation while eliminating air temperature (U.arm means upper arm) .

3.5 Proposing methods with new weight factors 

For practical reasons, the methods with fewer measuring points of LSTs were preferred. 

Thus, according to the results of Table 6 from Equations (8) and (9), a new 3-point method 

(Figure 10) was first built. The weight factors of chest (0.175) and back (0.175) are merged to 

the chest (0.35), representing the trunk of the human body. According to the body 

thermoregulation [37], the blood flow from the heart and internal organs of the trunk are 

important body tissues to produce and preserve heat. Thus, the trunk could be considered as the 

core heat source of the human body, which is an important reason that they are the warmest 

body parts (Figures 4 and 6Figure 6). The second cluster of body parts was classified as the 

body parts which were close and connected to the trunk, including head, arms , and upper thigh. 

The body parts in this series are merged into the forearm (0.30), according to the results of 

Table 6 from Equations (8) and (9). The body parts in the third series were limbs that were far 

away from the heart and trunk. These body parts in the third series are also the coldest body 

parts in cold environments (Figure 6) and they are usually not covered by the highly-insulating 



25

jacket which is the main garment to prevent cold in winter. The body parts in the third series 

include lower thigh, foot, calf, and hand. Their weight factors are merged into the calf, 

according to the results of Table 6 from Equation (8) and (9). 

 

Chest (0.175)

Calf (0.13)

Hand (0.05)

Back (0.175)

Head (0.07)

Forearm (0.07)

Thigh (0.19)

Foot (0.07)

U. arm (0.07)

Chest (0.35)

Forearm (0.30)

Calf (0.35)

Core Core

Figure 10. Merged weight factors of local body parts in the new three-point method   

Using a similar approach, the new weighting factors of LST in newly proposed 5-point, 4a-

point, 4b-point, and 3-point methods are listed in Table 7. The back, upper arm, and forearm 

were all combined to the chest, and foot was combined to calf in the original 5-point method. 

In the new 5-point method, the weight factor of the forearm was merged to that of thigh instead 

of the chest, because the DLST is smaller between forearm and thigh, and they are all the body 

parts close to the core body parts. The weight factors of LST in the new 4a-point method are 

close to the original one while the weight factor of the head was combined to thigh and hand 

was combined to the calf. The weight factors of LST in the new 4b-point method are changed 

using similar paths: the weight factors of the head and forearm were combined to the thigh, and 

the hand was combined to the calf. Generally, more weight factors of naked local parts were 
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given to lower body parts or limb in these newly proposed methods. To evaluate and validate 

the newly proposed methods with different weight factors of LSTs, these methods (3-point, 4a-

point, 4b-point, and 5-point) were compared with each other and with the original methods 

using experimental data from different studies in the following section.

Table 7. The weighting factors of skin temperatures at local measurement points in the new proposed 
methods 

Methods Head Chest Back U. arm Forearm Hand   Thigh Calf Foot

New 5 - point 0.07 0.42 / / / 0.05 0.26 0.20 /

New 4a - point / 0.35 / / 0.14 / 0.26 0.25 /

New 4b - point / 0.35 / 0.14 / / 0.26 0.25 /

New 3 - point / 0.35 / / 0.30 / / 0.35 /

4 Validation and discussions 

4.1 Validation case studies in winter conditions

(1) A case study in China

The experiment in the previous study [45] was conducted by using young Chinese students 

with a clothing insulation value of 1.32 clo in cold conditions. During the experiment, the 

subjects were exposed to four different cold air temperatures at about 7, 9, 11, and 15°C for 2 

h. The local skin temperatures were measured every 10 min at 8 points including head, chest, 

back, upper arm, forearm, hand, thigh, and calf. There were 40 sets of validated data after the 

time for the stabilization of the skin temperature (i.e. after 30 min of the experiment). Thus, the 

8-point method was used as the reference MST. The errors from the new 5, 4a, 4b, and 3-point 

methods were compared to the original methods. Figure 11 shows the absolute errors and the 
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agreement frequencies of the case study using different methods in severe cold environments. 

Results showed the absolute errors of all the new methods were much lower and the agreement 

frequencies were higher than the original methods, implying that the performance of these new 

methods was not comprised with fewer measurement points. Results reveal the original 4a-

point methods performed better than the original 4b-point method, and the performance of the 

new 4b-point method was also slightly poorer than other new methods, implying that the 

forearm was better to be used as the measurement point than the upper arm to estimate MST in 

severe cold environments.
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Figure 11. The absolute errors and agreement frequencies using different methods in the case study of China

(2) A case study in Finland

The experiment [46] was conducted in northern Finland (658N, 258E), a severe cold 

climate area. During the experiment, young Finnish subjects were exposed to 22°C and 10°C 

for 24 h in two different seasons. The clothing insulation value was about 0.7 clo, which is 

typical in summer and heated spaces in winter of this area. Local skin temperatures were all 

measured at 9 points including head, chest, back, upper arm, forearm, hand, thigh, calf, and 

foot. Figure 12 shows the absolute errors using different methods in the Finnish case study. The 

agreement frequency was not compared in this case because the data sample size was too small 
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(only one final stabilized value of each LST was reported in each condition, i.e. total four sets 

of validated data). Results showed the performance of original and new 4a-point methods was 

much better than the other fewer-point methods. The performance of the new 5-point, 4b-point, 

and 3-point methods were also much better than the original methods, with errors reduced up 

to 55.8%.

5-point 4a-point 4b-point 3-point
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

49.2%
52.3%Er

ro
r (

o C
)

Methods

  The original methods

  The newly proposed methods

Air temperature: 22 and 10oC
Clothing insulation: 0.7 clo

55.8%

Figure 12. The absolute errors using different methods in case study of Finland

4.2 Discussion of the difference in other conditions

A study [34] evaluated different methods to estimate MST in summer conditions, using 

subjects with light summer clothes (0.3 clo) exposed to air temperature in the range of 21°C to 

29°C. That study revealed that the agreement frequencies of MST in summer conditions are 

higher by using 7-point and 4b-point methods, and lower by using 4a-point, 3-point, and 5-

point methods. Thus, the simplified 4b-point method with the chest (0.3), upper arm (0.3), thigh 

(0.2), calf (0.2) was the optimal method with fewer points in summer conditions. The simplified 

4b-point method was therefore frequently used in the following thermal comfort studies [27-

31]. However, this study revealed that the agreement frequencies of the simplified 4b-point 

method were decreased with a large value in cold winter conditions than that in the neutral 
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condition (Figure 5). One important reason is that there is generally much more clothing 

insulation at upper body in cold environments, which made the LSTs of upper clothed body 

parts (chest and arm) were much higher than the naked body parts (head and hand). While the 

LSTs of lower clothed body parts (thigh and calf) were much closer to the naked body parts 

(head and hand) with decreased air temperature due to the effect of body thermoregulation on 

limbs [37] and lower insulation at lower body.

Thus, the methods with new weight factors were proposed in this study to be used in winter 

cold conditions for thermal comfort studies. In studies with cold winter conditions, the original 

4b-point method performed much worse than the original 4a-point method with the chest (0.34), 

forearm (0.15), thigh (0.33), calf (0.18) and the new 4b-point method with different weight 

factors of the chest (0.35), upper arm (0.14), thigh (0.26), calf (0.25). What’s more, it is noticed 

that the 4a method is more robust than the other fewer-point methods in different thermal 

conditions from different studies with an average error of about 0.2°C (Figures 4, 10 and 11). 

While the errors were varied with thermal conditions or the different subjects in other fewer-

point methods, especially the 5-point method (Figures 4, 10 and 11). Thus, the 4a-point method 

with chest, forearm, thigh, and calf was recommended to be used in cold environments for 

thermal comfort studies.

The skin temperatures were only studied with the relative humidity controlled at about 

50%-55% in this experiment. Although the air humidity in the north and south regions of China 

could vary greatly in winter, the results from this study were believed to be useful in a wider 

range of relative humidity. This conclusion is drawn mainly according to the finding in our 

previous study [67] that the relative humidity has no significant effect on the skin temperature 
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in the range of 15%- 85% in most winter conditions. The reasons for that could be the opposite 

effect of the increased (or decreased) vapor pressure in air and the increased (or decreased) 

moisture in heavy clothing on body surface heat transfer at the same time [68].

The air temperature settings in the experiment in this study were designed to be close to 

the long-time history air temperatures that the subject exposed to. That means the distribution 

of skin temperatures of the occupant with different cold adaptation levels might be different 

from that in this study. Thus, the modified methods in this study were more suitable for the cold 

environments in winters. While for the warm indoor conditions such as those in the northern 

regions of China with the heating system, the improvement of the modified methods might be 

insignificant.

The newly proposed methods were modeled with all the data in air temperature ranged 10-

22°C. Thus, the new proposed methods were supposed to be the optimal weighting methods 

with the least errors in the air temperature range of 10-22°C, but they might not be the best 

weighting factors for a specified air temperature such as 10°C. The conclusions derived from 

this study might not be applicable for different populations such as the children and the elderly 

[29] without rectification. The accuracies of these proposed methods might also be reduced in 

non-uniform or asymmetric thermal environments [69]. Other individual factors, such as body 

mass, body shape, posture and so on [70], might also affect the suitability of the weighting 

formulas. These are needed to be further studied.

5 Conclusions 

In this study, the data of local skin temperatures from experiments in the climate chamber 

were used to evaluate and modify the weighting formulas to estimate mean skin temperature 
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(MST). The accuracies of the methods with 8, 7, 5, 4 and 3 measurement points were examined 

in winter conditions. Results show the accuracies of all these simplified methods were reduced 

in cold winter conditions (10°C:1.3-1.6 clo and 16°C: 1.0-1.3 clo) compared to those in the 

neutral winter condition (22°C, 0.7-1.0 clo). The distribution of local skin temperatures was 

studied with subjects wearing nine different winter clothing ensembles in three different air 

temperatures 22°C, 16°C and 10°C. Based on the relationships between the difference of local 

skin temperatures (DLST) and thermal indices, modifications could be made to improve 

accuracies of the methods to estimate MST. 

Furthermore, four new methods with modified weight factors of LST were proposed. The 

new methods were also validated by using the data from other two different previous studies: 

one was conducted in severe cold conditions in the range of 7-15°C (1.32 clo); the other was 

conducted in 10°C and 22°C using subjects from a cold climate area in Finland. All these studies 

showed that the 4a-point methods generally performed better than the other methods with 

measurement points less than 6. Compared to the original methods, the errors were reduced up 

to 77.6% by using the new methods. 

Thus, valuable information about the optimal weighting formulas of LST to estimate MST 

in cold winter conditions was presented. The results from this study could be used for reviewing 

the conclusions of previous studies or choosing the optimal weighting formulas to estimate 

MST in the further.
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Highlights

 Six original methods to estimate MST were compared in winter conditions

 The errors of the original method were increased in cold conditions

 The variations of local skin temperatures in winter conditions were analyzed 

 Four new weighting formulas were proposed with errors reduced up to 77.6%

 A robust method with 4 points of chest, forearm, thigh, calf was recommended


