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Abstract. Different methods have been compared for the 
estimation of solar heat load on man. The comparison 
comprised several methods based on the calculation of 
absorbed solar radiation and one method for calculation 
of mean radiant temperature (Mrt). Regression analysis 
was carried out for predicted values and values calculat- 
ed for a vertical cylinder, assumed as an analog model 
of a standing man. Regression of mean skin temperature, 
measured in 10 subjects exposed to solar radiation under 
a variety of climatic conditions, on predicted radiant heat 
load was also analysed. Mean skin temperature correlat- 
ed best with Mrt, accounting for more than 50% of the 
variance. The results indicated that three methods pro- 
vide a realistic estimation of the radiation heat load, 
whereas some methods show deviations of several 
hundred per cent. 

Key words: Heat load - Mean skin temperature - Solar 
radiation - Clothing Mean radiant temperature 

Introduction 

Solar radiation is an important  source of heat gain in 
the field. Accurate methods of measurement or predic- 
tion are required for the analysis of conditions for human 
heat balance. Since no direct method of measurement 
is available yet for determination of the amount  of solar 
heat gain by the body, this has to be calculated on the 
basis of general measures of solar radiation. During the 
last 30 years many different formulas have been pro- 
posed. They recalculate the intensity of solar radiation 
(global or direct, diffuse and reflected) measured at a 
plane horizontal or perpendicular to the sun, to a value 
representative for its effect on the human body. All equa- 
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tions consider, on a theoretical basis, the geometry of 
the human body and require only values for solar radia- 
tion and clothing thermal insulation (if applicable). The 
aims of the present study were to review prediction for- 
mulas for solar heat gain and validate them: (1) by com- 
paring predicted values with measured thermal effects 
on the human body; and (2) by comparing predicted 
values with values calculated by a model derived from 
measured radiation heat gain of a vertical cylinder. 

Review of formulas of solar heat gain 

The general equation for the solar radiation heat balance 
of a clothed man can be expressed as follows: 

Rc,=(fll Q +fi2 D + fi3 Ref) O C1 (1) 

where fix, fi2, and fi3 are parameters used for the estima- 
tion of components of solar radiation, 4~ is the skin reflec- 
tance coefficient and C1 is a clothing factor (for explana- 
tion of other symbols see Table 1). R~ will also be called 
"absorbed solar radiation". Most authors evaluate ab- 
sorbed solar radiation for a man in a standing relaxed 
posture and assume a vertical cylinder as an analog mod- 
el of the human body. 

Measurements of solar radiation at the surface nor- 
mal to the sun are rather rare in meteorology. Methods 
based on such data (Aizenshtat 1986; Clark and Cena 
1976), therefore, will not be considered. All methods 
based on solar radiation measured at the horizontal 
plane recalculate its intensity in relation to a man in 
upright posture, using different measures of solar geome- 
try. Methods may be categorized in groups according 
to the principal parameters used for the prediction 
(Fig. 1). Comparisons are based on effects on nude sub- 
jects, since some of the models do not include a clothing 
factor. 

The first group comprises methods using trigonomet- 
rical functions of sun altitude as a weighting factor of 
direct solar radiation reaching the human body. One 



126 

Table 1. List of symbols and units 

Symbol Definition Unit 

Meteorological and environmental parameters: 

Q Intensity of direct solar radiation on horizontal surface 
D Intensity of diffuse solar radiation on horizontal surface 
Ref Intensity of reflected solar radiation on horizontal surface 
ag Albedo of ground (=0.18) 
T~ Air temperature 
T Air temperature 
v Wind velocity 
hsh Ratio of the sky hemisphere unobstructed by any objects (= 0.85) 
h Sun altitude 
Mrt Mean radiant temperature 

Physical parameters of heat exchange: 

s Emissivity of radiating surface (= 0.95) 
~r Stefan-Boltzman constant (= 5.7 x 10-8) 
hc Heat transfer coefficient = 0.04 T,-11.84 
d Coefficient of turbulent diffusion = ]/v 

Physiological parameters: 

T~ 
a 

Rot 
R 
Rp 
Aau 
Arad 
Ash 
Ash ~ 
Ap 
Up 
A~ 
as 
gp 
gz 
gh 
re Jr 

Clothing parameters: 

Ad 
CLO 
I~t 
I,, 
Ac 
ac 
d' 
[-rc 

L 
f, cz 
U 

Mean skin temperature 
Mean albedo of skin and clothing (=0.33) 
Radiation balance of clothed man (solar radiation absorbed by clothed man) 
Radiation balance of unclothed man (solar radiation absorbed by unclothed man) 
Potentially absorbed solar radiation (solar radiation absorbed by vertical cylinder) 
du Bois body surface area 
Radiant area=0.725(1 +0.15Icl) Ae, 
Shaded area = 4.27 exp [ -  0.0512 (90-  h) ] 
Shaded area = 7.57 exp [-- 0.0512 (90-  h) ] 
Projected area of cycling man (Table 2) 
Projected area, according to Jendritzky (1990)= 0.308 cos l-h (0.998-hal50000)] 
Ratio of body area received solar radiation = 0.0429 sin h + 0.3845 cos h 
Absorbance of skin for solar radiation (= 0.54) 
Fraction of nude man area perpendicular to solar beams (Table 2) 
Fraction of nude man area facing zenith (= 0.1) 
Fraction of nude man facing horizon (= 0.6) 
The effective radiation area = 0.7 (1 - Ac) 

Clothing area = At,j0.725 
Clothing insulation 
Clothing insulation 
Insulation of the boundary air layer (= 0.105) 
Ratio of body area covered by clothing 
Absorbance of clothing (= 0.80) 
Heat conductivity coefficient of clothing = 0.53/CLO 
Resistance coefficient of radiant heat transfer by clothing 
= hc d'/(hc d' + hcd + 4s tr T 3) 
Ratio of clothed to nude projected area (= 1.1) 
Ratio of clothed to nude surface area, i.e. ratio of effective clothing area (= 1.2) 
Reduction of solar heat load by clothing = Ia/facz(Icl + Ia/f, cl ) 

W/m z 
W/m 2 
W/m 2 

°C 
K 
m/s 

degree 
°C 

W/m z per K 4 
W/m 2 per K 

°C 

W/m z 
W/m 2 
W/m 2 
m 2 

m 2 

m 2 

clo 
K/m z per W 
K/m 2 per W 

of them is the equa t ion  p r o p o s e d  by  B u d y k o  and  col la-  
b o r a t o r s  (Budyko  1959; B u d y k o  and  Tsy t senko  1960). 
T a k i n g  into  cons ide ra t ion  the au tho r s '  co r rec t ion  for ra-  
d i a t ion  at  the t op  of  a cyl inder  model ,  a b s o r b e d  solar  
r ad i a t i on  for a nude  m a n  (R) can be ca lcu la ted  as fol- 
lows:  

R - -  0.588 [1.6 (Q cot  h/n + D/2 + Ref/2)  

+0.1  (Q + D ) ]  ( 1 - a )  (2) 

The  equa t ion  p r o p o s e d  by  Lee (1980) has  a s l ightly dif- 
ferent form. He  cons ide red  the sum of direct  and  diffuse 

r ad i a t i on  (defined as g loba l  solar  rad ia t ion)  r a the r  t han  
their  i nd iv idua l  con t r i bu t i on :  

R = [ (Q + D) (O.07 + 0.54 cot h) + O.85 . ag(Q + D) ] ( 1 -  a) 

(3) 

The  second g roup  conta ins  me thods  using a " s h a d e d  
a r e a "  fac tor  (Ash). Ter jung  and  c o l l a b o r a t o r s  (But t  et al. 
1982; Ter jung  1974; Ter jung  and  Louie  1971; Ter jung  
and  O ' R o u r k e  1983) p r o p o s e d  the fol lowing equa t ion  
for the r a d i a t i o n  ba lance  of  unc lo thed  m a n :  

R = (Q. Ash. Acz + D) (1 --  a) (4) 
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Table 2. Values of Ap and gp coefficients for different sun altitude (from Nielsen et al. 1988; Breckenridge and Goldman 1972) 

h 1 5 t0 15 20 25 30 35 40 45 50 55 60 

Ap 0.21 0.20 0.19 0.19 0.18 0.18 0.17 0.17 0.15 0.15 0.14 0.13 0.16 
gp 028 0.28 0.27 0.27 0.26 0.26 0.25 0.24 0.23 0.22 0.21 0.20 0.18 

Fig. 1. Schematic representation of different parameters used for 
the estimation of direct solar radiation; 1, trigonometric functions 
of solar angle; 2, area of body shade cast on the ground surface; 
3, ratio of body area receiving solar beams; 4, body area projected 
perpendicular to the sun beams (Underwood and Ward 1966) 

A similar formula was used by Morgan and Basket 
(1974): 

R =(Q.A~h+D.A=h+Ref.A~,)(1 --a) (5) 

as well as by Tuller (1975): 

R = (1.05. Q. A=~,'+ D/2 + ag(Q + D)/2) (1 - a) (6) 

The third group of methods considers two kinds of 
parameters, i.e. trigonometrical functions and a "pro- 
jected area" coefficient. The area is derived from pictures 
taken of the body at various solar angles and azimuth. 
The "shaded area" or the "ratio of body area receiving 
solar beams" to total area of skin surface may also be 
used. The method proposed by H6ppe (1982) is relatively 
simple; the following equation was derived by the au- 
thors from the original equations in H6ppe's study: 

R=(Q.sin h. A~ + D + Ref) (1 - a )  (7) 

Nielsen et al. (1988) observed a clear relationship be- 
tween solar radiation intensity and skin temperature 
measured for 10 subjects during bicycle work. They con- 
sidered global solar radiation, rather than direct and 
calculated radiation balance of unclothed man using the 
following formula: 

Q+D 
R = Av. as s~nh + D/2 sin h +f~ly" as. 3/2 (8) 

The projected area of cycling persons was estimated em- 
pirically by photographic investigations. 

de Freitas and Ryken (1989) studied the heat balance 
of 10 unclothed subjects during running. They used the 
following equation to estimate solar heat load: 

R=l ,12 .A i s i~+O.45D+O.34cosh .ag (Q+D ) (9) 

Breckenridge and Goldman (1971, 1972, 1977) tried to 
solve the problem of solar heat load in another way. 
They considered fractions of body parts with different 
solar exposure in relation to total body surface area. 
Their formula has the following form: 

R = [gp .fa. Q +f,,cl D (gz + gh/2) + gh "fact" Ref] a c 
(10) 

The method of mean radiant temperature (Mrt) has 
a different approach. The method estimates the direc- 
tional solar heat load in terms of a uniform surface tem- 
perature of an imaginary enclosure surrounding the per- 
son. Mean radiant temperature is used to express the 
intensity of radiant heat load in climatic chambers or 
in buildings (Fanger 1970). Its application to investiga- 
tions performed in urban areas was proposed by Jen- 
dritzky and Nfibler (1981). The Mrt index was also ap- 
plied to an open area conditions by Jendritzky (1990). 
Including solar radiation intensity, mean radiant temper- 
ature may be calculated as follows: 

Mrt = { [(s T~ 4 + (1 - a) (D + Ref)/(s. a) + 273] 

+ (1 - a)fp.  Q/(s. ~r)} °'25 - 273 (11) 

where T~ is the temperature of the ith surface of the envi- 
ronment, assumed as equal to air temperature. 

A comparison of examined methods shows differences 
connected not only with parameters estimating direct 
solar radiation but also coefficients used to express other 
solar fluxes (Table 3). Some authors (Breckenridge and 
Goldman 1971; Budyko and Tsytsenko 1960; de Freitas 
and Ryken 1989; Tuller 1975) assumed that 50% of dif- 
fuse radiation is received by man, whereas others use 
the total amount of this solar flux (H6ppe 1982; Morgan 
and Baskett 1974; Terjung and O'Rourke 1983). The 
same consideration applies to Lee's method (Lee 1980), 
which examined global solar radiation. Nielsen's equa- 
tion (Nielsen et al. 1988) includes diffuse radiation in 
three different ways, as a part of global radiation and 
separately with different parameters: sin h and effective 
radiation area. Reflected solar radiation is not consid- 
ered with the Nielsen and Terjung methods (Nielsen 
et al. 1988; Terjung and O'Rourke 1983). This compo-  
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Table 3. Comparison of parameters used in particular methods 

Method Solar Estimated Clothing Skin Posture Analog 
fluxes parameters factor absorbance model 

Budyko Q cot h Irc 1 - a Standing Cylinder 
D 0.5 
Ref  0.5 

Lee Qglobal c o t  h I S (  I a + I a) 1 -- a Standing Cylinder 
Ref  0.85 

Terjung Q Shadow area No 1 - a Standing - 
D 1.0 

Morgan Q Shadow area No 1 - a Standing - 
D Shadow area 
Ref  Shadow area 

Tuller Q 1.05 shadow area No 1 - a  Standing - 
D 0.5 
Ref  0.5 

Nielsen Qglobal sin h, projected area No as Cycling - 
D 0.5 sin h, radiation area 

H6ppe Q sin h x shadow area No 1 - a Standing Cylinder 
D 1.0 
Ref  1.0 

de Freitas Q 1.12 sin h x body area factor No No Running Cylinder 
D 0.45 
Ref  0.34 cos h 

Breckenridge Q Fractions of body area U ac Standing Cylinder 
D Fractions of 

body area x 0.5 
Ref  Fractions of body area 

Mrt Q Projected area No 1 - a Standing - 
D + Ref  

nent  of the r a d i a t i o n  ba lance  is, however ,  very smal l  
and  m a y  be signif icant  only  in some specific k inds  of  
env i ronment ,  e.g. sand  areas  and  snow cover.  F o r  the 
p u r p o s e  of  c o m p a r i s o n  of  p red ic t ions  by  the va r ious  
equat ions ,  the results  of  the exper imen ta l  s tudies  of  the 
solar  r ad i a t i on  ba lance  of a ver t ical  cy l inder  m a d e  by  
Krys  and  Brown  (1990) were used. N e t  so lar  r a d i a t i o n  
of the  cyl inder ,  defined as " p o t e n t i a l l y  a b s o r b e d  solar  
r a d i a t i o n "  (Rr) is expressed by  the fol lowing fo rmula :  

R ,  = [Q.  s. t a n ( 9 0 -  h)/rc + D . h s h 

+ D (1 - hsh) ag] (1 - ag) (1 - a) (12) 

A b s o r b a n c e  of  solar  r ad i a t i on  by  the b o d y  surface 
s t rongly  depends  on clothing.  Nie lsen  (1990) measu red  
the in tens i ty  of  so lar  r ad i a t i on  with  a p y r a n o m e t e r  cov- 
ered by  layers  of c lo th ing  mater ia l .  She obse rved  tha t  
the t r ansmi t t ance  of solar  r a d i a t i o n  t h r o u g h  c lo th ing  
was 13 -58% and  d e p e n d e n d  on  type,  co lour  and  the rmal  
insu la t ion  of  the mater ia l .  Unfor tuna te ly ,  only  three  of  
the  me thods  p resen ted  above  include the res is tance to 
hea t  t ransfer  by  c lo th ing  (Table 3). W i t h  B u d y k o ' s  meth-  
od  c lo th ing  is cons ide red  by  the Ire coefficient (L iopo  
and  Tsy t senko  1971), wi th  the Breckenr idge  equa t ion  
by  the U coefficient and  with  Lee's  m o d e l  by  Icl/(Icl + Ia). 
The de ta i led  fo rmulas  of  Ire and  U coefficients are  found  
in Tab le  1. 

Materials and methods 

The quantity of solar radiation absorbed by unclothed man was 
estimated for all compared equations using observation data col- 
lected during outdoor bioclimatological investigations performed 
in northeast Poland in the summer of 1989. All meteorological 
parameters including solar radiation fluxes as well as skin tempera- 
ture of subjects were measured simultaneously every hour form 
6.00 a.m. to 8.00 p.m. Skin temperatures of 10 healthy volunteers 
(5 male and 5 female) with a normal weight to height ratio and 
within the age category of 25-45 years were measured at five points 
of the body surface (forehead, palm, chest, thigh and calf). Subjects 
were facing north and wore sport's cotton clothing with a basic 
thermal insulation of about 1 clo and a mean albedo of about 

Table 4. Characteristics of subjects 

Subject Sex Age Body mass Height 
(years) (kg) (cm) 

1 Female 28 53 157 
2 Female 32 48 153 
3 Female 35 62 163 
4 Female 39 57 160 
5 Female 43 53 155 

Average 35.4 54.6 157.6 

6 Male 25 80 182 
7 Male 35 72 167 
8 Male 37 70 165 
9 Male 40 74 172 

10 Male 45 82 181 

Average 36.4 75.6 173.4 



30%. Table 4 contains some physiological characteristics of the / 
subjects. Mean skin temperature was calculated using the following 
formula (Blazejczyk and Krawczyk 1991): 

T, =0.07 Zf oreh + O.O5 Zpalm + 0.5 rches t -- 

+0.18 T~h~gh +0.2 T~,t/ (12) 

The following three types of analysis were undertaken. (1) The 
dependence of mean skin temperature on climatic factors were ana- 
lysed by stepwise multiple regression. (2) Mean skin temperature 
was used as an indicator of physiological strain and correlated 
with calculated value for absorbed solar radiation using the differ- 
ent equations. (3) The calculated values were correlated with values 
obtained with the cylinder method of Krys and Brown (1990). 

Results 
Mean skin temperature depended firstly on air tempera- 
ture (r= 0.739), as well as on solar radiation (0.743; Ta- 
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Fig. 2. Simple regression relationships of mean skin temperature 
(T~) and air temperature (T,) and global solar radiation (Qglob,0, 
respectively 
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ble 5, Fig. 2). Relationships between skin temperature 
and other meteorological parameters were lower, e.g. 
correlation coefficient for water vapour pressure was 0.67 
and for wind speed -0.13. The multiple correlation coef- 
ficient of skin temperature and air temperature plus glob- 
al solar radiation was 0.827. Addition of any other factor 
did not increase the predictive power. 

Table 5. Stepwise, multiple linear regression of mean skin tempera- 
ture and several measures of the ambient climate (n = 214, P < 0.05) 

Factor Correlation 
coefficient (r) 

Global solar radiation 0.743 
Air temperature 0.739 
Water vapour pressure 0.669 
Wind speed -0.129 
Cloudiness -0.353 
Solar radiation/air temperature 0.827 
Solar radiation/air temperature/vapour- 0.829 
pressure/wind speed 

Table 6. Statistical relations between mean skin temperature (T,) 
and different indices of incoming solar radiation (Rc~, R or Rfl 
as well as mean radiant temperature (Mrt) 

Method Correlation SEE 
coefficient 

Methods including clothing factor (Rcz): 
Budyko 0.68 / 1.24 
Breckenridge 0.69 1.25 
Lee 0.51 1.49 

Methods not including clothing factor (R): 

Budyko 0.~-  1.23 
Breckenridge 0.69 1.25 
Lee 0.51 1.49 
Terjung 0.67 1.28 
Morgan 0.64 1.34 
Tuller 0.57 1.42 
H6ppe 0.62 1.36 
Nielsen 0.67 1.28 
de Freitas 0.61 1.37 
Krys (Rp) 0.68 1.26 
Mean radiant temperature (Mrt): 

0.72 1.20 

SEE, Standard error of estimation 

Table 7. Comparison of potential absorbed 
solar radiation (Rv) with solar radiation 
incoming to the standing man (R) and 
mean radiant temperature (Mrt) 

Method 

Budyko 
Terjung 
Morgan 
Tuller 
Breckenridge 
Lee 
Nielsen 
de Freitas 
H6ppe 
Mrt 

R/Rp proportion Correlation SEE 
coefficient 

Mean Min. Max. W/m 2 % 

1.04 0.72 1.58 0.93 25.0 21 
0.79 0.17 3.84 0.72 45.4 37 
0.69 0.03 4.09 0.75 43.3 36 
0.58 0.08 1.91 0.50 56.8 47 
1.06 0.35 1.91 0.93 23.4 19 
2.51 0.75 17.66 0.62 51.4 42 
1.61 1.18 9.45 0.97 14.5 12 
1.44 0.96 2.70 0.78 40.6 33 
1.51 0.33 2.78 0.91 27.8 23 
- - 0.93 24.1 20 
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Fig. 3. Simple regression relationship of potential absorbed solar radiation (Rp) and solar radiation absorbed by unclothed man (R) 
at different methods of estimation as well as mean radiant temperature (Mrt); regression lines are dotted and lines of identity are solid 

Solar heat load defined by the mean skin temperature 
was best explained by the mean radiant temperature in- 
dex (Table 6). The correlation coefficient was 0.72 and 
the standard error of estimation was 1.20. Corresponding 
values for the Budyko and Breckenridge methods were 

slightly lower (0.69) and their SEE were 1.24 and 1.25, 
respectively. The correlation coefficient with the Lee 
method was considerably lower (0.51) and SEE was high- 
er (1.49). The quantity of absorbed solar radiation of 
clothed man (Rcl) was similar for the Budyko and Breck- 
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enridge formulas and did not exceed 80 and 120 W / m  2, 
respectively. However Rc~ values obtained by the Lee 
equation reached 300 W / m  2. 

The smallest deviations of R values from Rp values 
were observed with the Budyko method. R values were, 
on the average, about 4% higher than Rp values and 
varied from - 2 8  to +58%, only (Table 7). The mean 
deviation of R values was slightly greater (+6%) with 
the Breckenridge method; the range was - 6 5  to + 91%. 
Deviations of R values calculated by the use of other 
methods were considerably higher and varied from - 9 7  
to + 1666%. The highest correlation coefficient of R and 
Rp values was observed with the Nielsen method (0.97) 
and the standard error of R estimation was only 14.5. 
However R values were always higher than Rp values; 
mean deviation was +61% and minimum and maxi- 
mum values + 18 and + 845%, respectively. High r coef- 
ficients for Rp and R values (0.91-0.93) were also noticed 
with the Budyko, Breckenridge and t-I6ppe methods. A 
similar correlation (0.93) was observed for mean radiant 
temperature. For other methods the r-values were con- 
siderably lower (0.50°0.78). Figure 3 shows that the best 
fit of regression and identity lines occurs with the Bu- 
dyko, Breckenridge, Nielsen and mean radiant tempera- 
ture methods. 

Discussion 

As expected, mean skin temperature was highly correlat- 
ed to both air temperature and solar radiation and, in 
particular, the combination of these parameters (0.827). 
Thus about 68% of variation could be explained by 
changes of T, and Qglobal; for solar radiation, only, the 
value was 55%. The low correlation of skin temperature 
and wind speed was caused by the fact that temperature 
of the body surface was measured on clothed subjects. 
The high correlation coefficient for global solar radiation 
was remarkable, as skin temperature and air temperature 
were considerably higher in the second half of the day. 
Thus with the same intensity of solar radiation, showing 
a symmetrical distribution around midday, skin temper- 
ature may be higher or lower depending on the time 
of day. 

Because skin temperature, which depends on ab- 
sorbed solar radiation, was measured on clothed sub- 
jects, a full analysis of solar heat load was possible only 
with the Budyko, Breckenridge and Lee methods. It was 
noticed, however, that with the methods including a 
clothing factor, correlation coefficients with skin temper- 
ature were just the same for R and Rcl values (Table 6). 
The resistance to heat transfer by clothing is a constant 
in the equations. Thus despite different absolute values, 
the relationships of R~ and R with skin temperature 
will be the same. The above remark allows us to confirm 
relations of T~ and R values for other methods also. Rela- 
tively high r-values were observed with the Krys, Nielsen 
and Terjung methods (0.67-0.68). However it is necessary 
to mention that with Terjung's method the skin tempera- 
ture was rising faster within a low R range than at the 
high one. 

As described in the section "Review of formulas of 
solar heat gain", almost all methods estimate absorbance 
of solar radiation (R) using theoretical principles of solar 
geometry. Only the formula of Krys and Brown (1990) 
was elaborated on the base of experimental measure- 
ments. The best agreement between R v and R was found 
with the Budyko, Breckenridge, Nielsen and H6ppe 
methods; mean R errors did not exceed 23%. However 
with the last two methods deviations could sporadically, 
reach 200-800%. With other methods R-values were un- 
realistically high and could reach 900 W/m 2. It seems 
that poor agreement in these cases is connected with 
inadequate estimation of direct or diffuse solar radiation 
quota. For example, with the Terjung and Morgan meth- 
ods the authors used total amount of diffuse radiation. 
Also, the coefficients for the estimation of direct solar 
flux, used by the Terjung, Tuller, Morgan, Lee and de 
Freitas equations, appear inadequate. Their approaches 
do not consider in a realistic way the radiation effect 
on the human body. 

Taking into consideration the thermal insulation 
properties of clothing, we noticed that the best Ts to 
Rd conformity was achieved by the Budyko and Breck- 
enridge equations. Calculated absorbed solar radiation 
was similar to those measured by Nielsen (1990). Rcl 
values calculated by the use of the Lee method were 
considerably too high (200-300 W/m2). This probably 
results from the differences in the coefficients for resis- 
tance to radiant heat transfer by clothing. With the Bu- 
dyko and Breckenridge methods, calculated radiant 
transmittance for clothing (1 clo) was similar to values 
observed by Nielsen for cotton material, i.e. 27 and 37%, 
respectively. This value was calculated at 60% with the 
Lee method. Budyko's Ire and Breckenridge's U coeffi- 
cients probably provide the best expression, so far, of 
the resistance to radiant heat transfer by clothing. It 
is necessary to mention that solar heat transfer by cloth- 
ing is not a static process but depends on air and subject 
movement. Unfortunately, only one of the compared 
clothing coefficients includes a dynamic factor, Budyko's 
trc index. 

In conclusion, the results showed that solar heat load 
on a standing man was best expressed by use of the 
Budyko, Breckenridge and mean radiant temperature 
methods. However, restrictions apply to most of the 
methods discussed: 

they use a vertical cylinder as an analog model of 
the human body; 

clothing heat transfer characteristics apply to static 
conditions only; and 

effects of body motion and postural changes are not 
sufficiently accounted for. 

In order to improve the general application and the 
predictive power of the models, more sophisticated ex- 
pressions need to be developed to include other analog 
models of man as well as dynamic conditions of heat 
transfer. 
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