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This contribution brings a cartographic detailing of formulae 
used to estimate mean skin temperature. 

    Methodology 

   Approach to estimating mean skin temperature 

 The conventional approach to estimating the mean skin tem-
perature is to select an individual•s skin sites or points (Fig.� 1 , 
marked with dots) and make thermometric measurements. The 
number of points of a particular body site taken for measure-
ment depends on its surface area. Suppose a body site is com-
paratively large, there is a greater possibility of  T  sk   variation, 
and more measures are required over di� erent points in that 
region (Mitchell and Wyndham  1969 ). Weighted mean skin 
temperature (  sk�   )is the summation of the products of a “ xed 

number of local skin temperatures,  T  sk,   with corresponding 
weighting coe�  cients. The primary expression for   sk�    is 
given as:

       

where  c   1   , c   2   , c   3   ,ƒ., c   n   are the weighting coe�  cients giving 
fractions of the total body area and  T   sk1   , T   sk2   , T   sk3   ,ƒ., T   skN   are 
the corresponding temperatures of the skin sites. The 
weighting coe�  cients may be based on the surface area of 
the local regions and thermal sensitivity factors (Nadel et�al. 
 1973 ; Nag and Nag  1992 ). Thus, the basic formula (Eq.� 1 ) 
for   sk �    calculation may also be written as:

 (1)

       
where  c   i   is the weighting coe�  cient with the corresponding 
skin temperature  T   ski   of the body segments.         

 There are two ways to calculate   � sk  . Firstly, the weight-

ing coe�  cients correspond to measuring sites (weighting 
method). In other cases, the same weighting coe�  cient 
applies to all selected skin sites (unweighted method). 
Researchers primarily use the weighted method rather than 
the unweighted method of   sk�    estimation. Table� 1  gives a 

detailed account of formulae used to estimate   � sk   along 

with weighting coe�  cients corresponding to di� erent body 
locations. Weighting coe�  cients of respective skin locations 
are listed in Table� 2 . ISO ( 1992a ,  b ) indicated two proce-
dures, four and fourteen sites. The formula with fourteen 
body sites was the only one with unweighted coe�  cients. 
The coe�  cients are conventionally derived from the esti-
mated segmental surface area, considering the segment•s 
body mass. The formulae that considered weighting coe�  -
cients combining segmental body surface area and the sen-
sitivity of the particular body part are those of Nag et�al. 
( 1980 ) and Nag and Nag ( 1992 ).   

    The study population 

 The recording randomly includes 773 volunteers (349 
males and 424 females). The study locations were West 
Bengal (India), namely Purulia, Bankura, Midnapur, Hal-
dia, Canning, and Paruldaha. These are hot and humid 
zones. Villagers participated in the survey between late 
March and early May. The volunteers were informed and 
consented to the nature and intention of the thermographic 
recording. Whereas the environmental conditions of these 
months are not usually hot, and the study population was 
supposedly naturally acclimated, the exposure conditions 
and circumstances were moderately stressful. The resident 
population•s demographic information included the volun-
teers• physical characteristics and the likelihood of self-
reported health complaints. Within the scope of the study, 
the volunteers who participated in the investigation were 
free from any known disease conditions or health com-
plaints. The age of the male and female volunteers ranged 
from 45.6 ± 16.6�years and 41.5 ± 14.4�years, respectively. 
The body weight and height were 55.5 ± 10.9� kg and 
163.6 ± 9.3�cm in the case of males, and 47.9 ± 9.5�kg and 
152.7 ± 7.5�cm in the case of females, respectively. 

    Thermal imaging technique 

 The study applied a thermal imaging technique using infra-
red thermography. Previous studies involved the thermomet-
ric recording of the skin surface temperature. In contrast, 

 (2)

  Fig. 1       Human “ gures displaying skin temperature measurement 
points. (A) Forehead, (B) Left Cheek, (C) Left Neck, (D) Right 
Upper Arm, (E) Left Elbow, (F) Left Forearm, (G) Left Palm, (H) 
Right Hand, (I) Left Hand, (J) Left Back, (K) Left Chest, (L) Left 
Lumbar, (M) Left Abdomen, (N) Anterior Thigh, (O) Posterior 
Thigh, (P) Anterior Calf, (Q) Posterior Calf, (R) Left Sole, (S) Right 
Foot  
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subject for comparing di� erent formulae. The criteria for the 
dependability and reliability of   sk�    estimation from di� er-

ent formulae were included in the analysis. Dependability is 

the numerical closeness of the   sk�    value obtained by a 

formula compared with the reference   sk�    value obtained 

from thermal images under similar ambient conditions. To 

evaluate the dependability of   sk�    formulae, comparing the 

  Fig. 3       The output of the routine to extract skin temperature values of a body area  

  Fig. 4       Skin temperatures variation between ( a ) male and ( b ) female 
(values in parenthesis indicate data of females)  

  Fig. 5       Boxplots of   sk�    values of males (N = 349), calculated by dif-
ferent formulae  
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Bulb Globe Temperature) ranging from 22.3 to 33.1�°C. 
The gender-wise dispersions of weighted   sk�    values cal-

culated by di� erent formulae are shown in Figs.� 5  and  6 . 
Boxplots represent the three quartile values and the pre-
sent observation•s extreme values. The reference   sk�    

value and the weighted   � sk   obtained from the formula of 

Nag and Nag ( 1992 ) had minimal dispersion. They closely 
resembled sampled male and female populations. The out-
liers were maximum in the case of the male population. 
However, the skin temperature dispersion was higher 
among the females.                 

 Accordingly, the agreement frequency for di� erent for-

mulae with the reference   sk�    value obtained from the 

thermographic images is given in Fig.� 7 . Analysis showed 
that the agreement frequency was higher for the formula 
established by Nag and Nag ( 1992 ) in the case of females 
  � sk   (~ 45%), followed by the formulae of Nadel et�al. 

( 1973 ), Teichner ( 1958 ), Palmes and Park ( 1947 ).         

    Skin temperature responses to environmental 
warmth 

 Thermal comfort depends on age, gender, physical activity, 
clothing insulation, and atmospheric conditions (air tem-
perature, humidity, air velocity). Table� 4  provides data on 
local skin temperatures of the male and female population 
in di� erent age groups, such as � 30, 31…50, and  � 51�years. 
The one-way analysis of variance (ANOVA) compares skin 
temperatures of various sites. Both males and females in the 
age group of � 30�years, in general, had lower segmental skin 
temperatures than other elder groups. The segmental areas 
of the forehead and body extremities, except the trunk front 
and back, had signi“ cant  T  sk   di� erences among males. In the 
case of females, except the forehead and back, other areas 
had signi“ cantly di� erent skin temperatures.  

 The trends of the local  T  sk   of males and females about the 
WBGT conditions are depicted in Figs.� 8  and  9 . The magni-
tude of local  T  sk   of di� erent sites and the mean reference 
  � sk   signi“ cantly increased with the environmental heat 

increase. The nature of the change of local  T  sk   remained very 
similar for both males and females. The overall pro“ le of 
changes in local  T  sk   indicated the relative space of 

  Fig. 8       Local area skin temperatures with increasing WBGT for the 
male population  

  Fig. 9       Local area skin temperatures with increasing WBGT for the 
female population  

  Fig. 10       Percentile distribution of skin temperatures for hand (palm)„
male population  

  Fig. 11       Percentile distribution of skin temperatures for hand (palm)„
female population  
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infrared thermography is non-invasive in recording skin tem-
perature data simultaneously from multiple body areas (Lud-
wig et�al.  2014 ), it has an in-built advantage to apply on a 
large scale to analyse skin temperature changes of a resident 
population in di� erent climatic exposures. 

 Literature compares equations estimating   sk �    on a 
small sample size of volunteers in experimental or work-
place exposure situations. The present comparison included 
a sample population from real-life exposure situations. A 
comparison of the   sk�    obtained from thirteen formulae to 

that of the reference   � sk   obtained from thermal images 

indicated minimal dispersion in the case of the formula of 
Nag and Nag ( 1992 ). They closely resembled both male and 
female populations. The analytical dimension referred to as 
agreement frequency (A.F.) was higher for the formula 
established by Nag and Nag ( 1992 ) in the case of females 

  sk�    (~ 45%), followed by Nadel et�al. ( 1973 ), Teichner 

( 1958 ), Palmes and Park ( 1947 ). On the other hand, the A.F. 
percentages were less than 15% in the case of QREC (1943) 
and Ramanathan ( 1964 ), where   � sk   computations were 
based on 3 to 4 body sites. 

 The skin surface dominantly responds to factors that 
in” uence environmental warmth. Several factors, such as 
age, gender, biophysical characteristics (physical activity, 
clothing worn) and atmospheric conditions, manifest in envi-
ronmental warmth. The study a�  rms that males and females 
in the � 30�years age group generally had lower local skin 
temperatures than other elder groups. The segmental areas 
of the forehead and body extremities, except the trunk and 
back, had signi“ cant skin temperature di� erences among 
males. In the case of females, except the forehead and back, 
other areas had signi“ cantly di� erent skin temperatures. 

 The nature of the transformation of local  T  sk   remained 
very similar for both males and females. Local skin areas 
show an increasing trend of  T  sk   with a corresponding rise in 
thermal stress; however, the magnitudes of change in local 
 T  sk   and the mean reference   � sk   vary with exposure condi-
tions. The increase in  T  sk   with the increasing climatic stress 
from 22.3 to 33.1�°C WBGT appeared similar for both non-
glabrous and glabrous skin sites. The spread of  T  sk   of hand 
(palm), the only glabrous skin site included in the analysis, 
was relatively less in the case of females compared to males. 

 The thresholds of skin temperature and the body core 
temperature are critical for thermoregulation. A broader 
di� erence in the thresholds would mean the facilitation of 
energy transfer. On the other hand, a signi“ cant narrowing of 
the gradient near the convergence of local  T  sk   would suggest 
a reduction in heat loss potential. Area-speci“ c range of  T  sk   
adjustment in males and females was evident between the 

 T  sk   of the core areas (the forehead, trunk and back) and the 
shell areas (palm, upper leg and feet). 

 Data from the study population show signi“ cant lin-
ear relationships between mean  T  sk   to  T  cr   in the case of 
both males  (T  cr   = 0.06  T  sk   + 34.7) and females  (T  cr   = 0.01 
 T  sk   + 36.4). Whereas the di� erence in prediction accuracy of 
 T  cr   ranged about 0.2�°C at di� erent  T  sk   levels, the overall dis-
persion in  T  sk   of local sites indicates the space of peripheral 
adjustment. A characteristic spread (32.7…36.3�°C) of local 
 T  sk   at 22.3 ± 1.8�°C WBGT tended convergence upward at 
exposure conditions, such as 33.1 ± 2.7�°C WBGT. 

 With the limited purview of the present study, the analysis 
substantiated that the thermographic imaging of human skin 
surface might be a straightforward approach for large-scale 
population screening. Leaving aside any skin pathology that 
might a� ect or aggravate sweating and heat exchange, the 
skin surface•s temperature pro“ le is characteristic of stra-
tegically safeguarding the population from adverse climate 
exposures. 

 Since the highest environmental load equivalent of the 
sample study was at 33.1 ± 2.7�°C WBGT, the approach of 
regression progression yielded the regression intersection of 
 T  sk   around 35.7 to 36.1�°C (for males) and 36.0 to 36.2�°C 
(for females) in the range of 37 to 39�°C WBGT. Since a 
similar extreme climate prevails in the region during the hot 

and humid summer months, a suitable mean reference   � sk   

below the levels of 35.7�°C for males and 36�°C for females 
would be appropriate to determine the permissible cut-o�  
limit for exposure. Beyond such a situation, the human heat 
balance may potentially be at risk of thermal comfort, with 
the likelihood of ensuing heat illness. 
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