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ABSTRACT

Using as bases the amount of clothing needed to achieve thermal comfort and the reduction in the skin’s
resistance needed to obtain thermal equilibrium, the relative sultriness of warm-humid and hot-arid summer
climates is assessed. Conditions of equal sultriness are referred to a vapor pressure of 1.6 kPa in order to
prepare a table of apparent temperature corresponding to summer temperatures and humidities.

1. Introduction
a. Background, definitions and review

The extent to which humidity aggravates physiologi-
cal effects of high temperature has been the subject of
numerous publications. These will be discussed only
briefly here, as they have been thoroughly reviewed
elsewhere. Although comparisons of hot-arid with
warm-humid climates are often the subject of a spirited
exchange of opinions, little attention has been paid in
the literature to providing an objective basis for such
assessments.

These comparisons require a single measure of the
combined effects of high temperature and humidity.
This will be referred to as “‘sultriness,” just as a combi-
nation of wind and low temperature is referred to as
“windchill.” Corresponding to the windchill equivalent
temperature, the “apparent” temperature (Table 1) is
the temperature which a given combination of dry-bulb
temperature and vapor pressure “feels like’” to the
typical human. More precisely, it is the ambient tem-
perature adjusted for variations in vapor pressure above
or below some base value. The procedure for quantita-
tive determination of apparent temperature will be
summarized in Section 4d. The results are shown in
Table 2.

Several types of single indices have been proposed
for related purposes. Macpherson’s (1962) review con-
cluded that “indices based on the calculation of heat
exchange ... provide the most satisfactory approach
to the problem of the multiple-factor index yet devised,
and future advances may well be made in this direc-
tion.” A useful tabular review has been provided by
Sargent and Tromp (1964, p. 16). Landsberg (1972)
has reviewed the subject from the viewpoint of human
biometeorology.
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b. Sultriness

The concept of absolute sultriness is intuitively clear
and no qualitative definition is attempted here. In
relative terms, a set of meteorological conditions A is
more “‘sultry” than set B if the typical human copes
with A by offering less thermal resistance between his
core and the surroundings in A than in B. In general,
this resistance includes the resistance of skin and
clothing to heat and moisture transfer. Fig. 1 illustrates
the resistances to heat and moisture flow from the
clothed person to the surroundings. For unclothed
parts, the central resistance is omitted. The analysis
combines physiological variables on the left and clothing
science in the middle with the various meteorological
factors that comprise the air resistances on the right
side. See the Appendix for an explanation of the
symbols.

This higher sultriness may be due to higher ambient
temperature, higher humidity, stronger solar radiation,
different wind speed, different atmospheric pressure
or any combination of these. The present study con-
fines itself to the effects of temperature and humidity.
The other factors will be included in a subsequent paper
(Steadman, 1979).

Many approaches to sultriness can be taken, but
the argument presented here is that it is best assessed
in terms of its physiological effect on humans. Although
arbitrary realistic assumptions are necessarily made
about the person’s activity and clothing, the resulting
indices provide an objective and versatile basis for
assessing hot and humid weather.

c. Criteria for a sultriness index

1) Sultriness should be capable of expression as an
equivalent or apparent temperature.
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TaBLE 1. Correspondence between apparent temperature and
clothing-physiological variables.

Mild conditions

Primary variable Secondary variables
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TABLE 2. Temperature-humidity scale: Apparent temperature
(°C) corresponding to each combination of dry-bulb temperature
and relative humidity. Values in parentheses correspond to skin
humidities above 909, and are approximate.

Dry bulb

Clothing Apparent Skin thermal Skin moisture . .
thickness ds temperature 7’ resistance R,  resistance Z, temperature Relative humidity (%)
(mm) ©C) (m*K W) (m?kPa W-1 ©C) 0 10 20 30 40 50 60 70 80 90 100
7.64 16 0.0387 0.0521 20 16 17 17 18 19 19 20 20 21 21 21
6.72 17 0.0387 0.0521 21 18 18 19 19 20 20 21 21 22 22 23
5.84 18 0.0387 0.0521 22 19 19 20 20 21 21 22 22 23 23 24
4.97 19 0.0387 0.0521 23 20 20 21.22 22 23 23 24 24 24 25
4.13 20 0.0387 0.0521 24 2t 22 22 23 23 24 24 25 25 26 26
3.30 21 0.0387 0.0521 25 22 23 24 24 24 25 25 26 27 21 28
2.50 22 0.0387 0.0521 26 24 24 25 25 26 26 27 27 28 29 30
1.72 23 0.0387 0.0521 27 25 25 26 26 27 27 28 29 30 31 33
0.95 24 0.0387 0.0521 28 26 26 27 27 28 29 29 31 32 34 (36)
0.20 25 0.0387 0.0521 29 26 27 27 28 29 30 31 33 35 37 (40)
B 30 27 28 28 29 30 31 33 35 37 (40) (45)
Severe conditions 31 28 29 29 30 31 33 35 37 40 (45)
Primary variable Secondary variables 32 29 29 30 31 33 35 37 40 44 (51
Skin thermal Apparent Skin moisture Clothing 33 20 30 31 33 34 36 39 43 (49)
resistance R, temperature 7 resistance Z, thickness ds 34 30 31 32 34 36 38 42 @
(m* KW (°C) (m? kPa W) 35 31 32 33 35 37 40 (45) (51)
36 32 33 35 37 39 43 (49)
0.0377 26 0.0446 0 37 32 34 36 38 41 46
0.0364 27 0.0375 0 38 33 35 37 40 44 (49)
0.0353 28 0.0320 0 39 34 36 38 41 46
0.0343 29 0.0277 0 40 35 37 40 43 49
0.0334 30 0.0242 0 1 35 38 41 45
0.0325 31 0.0214 0 42 36 39 42 47
0.0318 32 0.0190 Y 43 37 40 44 49
0.0311 33 . 0.0170 0 44 38 41 45 52
0.0304 34 0.0153 o 45 38 42 47
0.0298 35 0.0138 0 46 39 43 49
0.0292 36 0.0125 0 27 10 44 S5t
0.0287 37 0.0113 0 48 41 45 53
0.0281 38 0.0103 0 49 42 47
0.0276 39 0.0095 0 50 42 48
0.0272 40 0.0087 o
0.0267 41 0.0079 0
0.0262 T 42 0.0073 0 .
0.0258 43 0.0067 ° d. Quantifying the criteria
0.0254 44 0.0062 0 o N
0.0250 45 0.0057 0 The scope of the analysis includes summer conditions
0.0245 :\; g-&ig g which, from inspection of the ASHRAE Handbook of
32323 48 0.0044 0 Fundamentals (1972, pp. 680-688), are exceeded on less
0.0233 49 0.0041 0 than 19 of the earth’s surface and for less than 19 of
0.0229 50 0.0037 0 the time:

2) As in windchill, this apparent temperature should
have a one-to-one correspondence with the thickness
of clothing needed to maintain thermal equilibrium
in. “mild” sultriness.

3) If, however, sultriness is such that no clothing
is called for, the apparent temperature should corre-
spond to the thermal resistance of the sweating skin.

4) If humidity is higher (lower) than “average,” the
apparent temperature should be higher (lower) than
the dry-bulb temperature.

5) The index should be amenable to allowing for
the effects of changing wind speed, air pressure and
extra radiation, particularly sunshine.

6) The index should cover the range of sultriness
conditions likely to be encountered on the earth’s
surface.

1) Dry-bulb temperatures from 20-50°C.

2) Vapor pressures' from 0-4.6 kPa (i.e., mixing
ratios up to 0.030 or dew points up to 31°C). As a
further limitation, the saturation vapor pressure can
be described by a cubic equation, accurate to £0.03 kPa
in the range 20-50°C,

P =0.646+0.0555T+7.1 X 107573, (1)

3) Apparent temperatures, when all the above
factors are taken into account, range from 16-50°C
(61-122°F).

Many values in the tables and figures lie just outside
these ranges or, like zero humidity, are only approached
in practice, but are included to facilitate interpolation.

1 Vapor pressure above 4.0 kPa are seldom encountered out-
doors, but pressures in the range 4-5 kPa sometimes exist in
mines and factories. Under all such conditions, the apparent
temperature will exceed 50°C or the skin’s relative humidity will
exceed 90%,. 1 Pa is a pressure of 1 N m~2. 1 atm = 101.3 kPa.



JuLy 1979 R. G.

Fi6. 1. Diagram illustrating potentials and resistances to dry
(upper) and evaporative (lower) heat transfer.

Limitation of the scope of all conclusions to these
ranges is implicit in the remainder of this paper.

e. Alternativc criteria

The use of skin resistance (R,) under severe condi-
tions or clothing thickness (ds) under mild conditions as
a measure of sultriness is unusual but is justified by
deficiencies in other approaches.

The perspiration rate, a proven index of severe
sultriness at appreciable rates of exertion, is less
applicable to typical summer conditions. Moreover,
under mild conditions, when only exhaled moisture
and insensible perspiration are secreted, the perspiration
rate is highest when the humidity is lowest.

Another widely used criterion of sultriness, which
was considered and rejected, is some measure of skin
wetness. Even if it could be measured accurately, a
conceptual defect is that skin humidity falls, in both
absolute and relative terms, as wind speed increases,
the reverse of perceived discomfort in dry winds hotter
than 35°C.

Conditions under which thermal equilibrium cannot
be achieved at normal body temperature correspond
to apparent temperatures above 60°C and are beyond
the scope of this study. Short-term exposures to such
conditions are more important in industry than in
meteorology; other references, such as Haines and
Hatch (1952), should be consulted.

f. Base levels for determining apj}arent lemperature

Normal levels of the meteorological variables are
1) vapor pressure=1.6 kPa, 2) wind speed=2.5 m s™!
(5.6 mph), 3) barometric pressure=101.3 kPa (in
practice, sea level elevation), 4) extra radiation=0. The
base vapor pressure corresponds to a sea level dew point
of 14.0°C or a mixing ratio of 10 g water vapor per
kilogram of dry air; this is the standard vapor pressure
at which testing laboratories are held in the “temperate”
zone. Thus, for instance, an apparent temperature of
24°C refers to the same level of sultriness, and the same
clothing requirements, as a dry-bulb temperature of
24°C with a vapor pressure of 1.6 kPa.

Some indices of sultriness refer to a base vapor
pressure, since the evaporative heat loss is proportional
to the pressure difference between the body core and the
surrounding air, just as “dry” heat transfer varies
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with the corresponding temperature difference. One
common index (ASHRAE, 1972, p. 136), however,
is based on a relative humidity of 50%, and a measure
of skin wetness. The base vapor pressure with which
higher humidities can be compared varies greatly with
temperature and rises as high as 4.2 kPa, while air-
conditioning design data in the same publication
(p- 684) show that no weather station on the earth’s
surface is likely to have a vapor pressure above 4.0 kPa.
Relative humidity provides an uncertain base since,
for example, a relative humidity of 509, at 20°C would
be perceived as dry, while the same relative humidity
at 40°C feels, and is, very humid.

g. Limitations

This work has been written from the viewpoint of
human biometeorology, with the objective of deriving
a definitive scale of apparent temperature which takes
account of the effects of temperature and humidity on
the reaction of the normal human. The results are not
intended to be applicable to plants, which are more
sensitive to humidity; to quadrupeds, which are more
sensitive to overhead solar radiation; to birds, which
are more sensitive to temperature; or to buildings,
which are generally less sensitive to wind.

2. The human model

This section describes the physiological, clothing
and heat-transfer basis on which sultriness is expressed
as apparent temperature. It produces intermediate
data which, it is hoped, will be of use to other re-
searchers, but which may be omitted by readers con-
cerned only with the assessment of sultriness.

The typical human taken as the model is, with some
refinements, similar to that described previously in
evaluating windchill (Steadman, 1971). Some of the
refinements are based on the work of Fanger (1970),
whose measurements on 256 adults provided the means
of deriving physiological data describing the average
human’s heat and moisture transfer.

As before, this makes it possible to apply accurate
and versatile physical data to analyze heat and moisture
transfer from the model rather than resort to elaborate
and inevitably limited assessments of comfort. The
wide range of conditions covered by the apparent-
temperature scale can be more feasibly compared by
applying existing information than by performing a
necessarily large number of human experiments. De-
tails of the model and its environment follow.

a. Basic dimensions

The typical adult human of either sex, with a height
of 1.7 m and a weight of 67 kg, is considered. Standard
physiological data (e.g., Newburgh, 1949, p. 50) show
that such a person has a surface area S=1.78 m?.
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F16. 2. Resistance of human skin to heat transfer
and moisture transfer as a function of activity.

b. Effective radiation area ($15)

The area of the skin surface which exchanges radiant
heat with the surroundings is less than the total surface
area. Under mild conditions, the average ratio ¢; is
taken as 0.79 for the clothed parts and 0.85 for the
bare parts of the body. :

Under severe conditions, without clothing, ¢,=0.80.

c. Significant diameter (D) .

The approach to determining this parameter for
convective heat transfer is to apply standard engineer-
ing practice, using the body’s volume V, to yield
D=4V/S. Since the model is a typical adult with a
density of 0.98 g cm™3, this gives, for the entire body,

D= (4X67X10°)/(0.98X1.78X 10¢) =15.3 cm.

Because the unclothed parts have a lower total re-
sistance and a smaller diameter than the trunk and
legs, their diameter is considered separately. Using
standard anthropometric data gives a significant
diameter for the head and arms of 7.8 cm and, for the
clothed parts of the body, 17.1 cm. If the clothed body
were considered as a unit, as is conventional, with
D=15.3 cm, the error in estimating the apparent
temperature would be in the range of 0.0-0.4 K.

d. Clothing cover

The basis of the proposed temperature-humidity
scale is to assume that at least part of the skin is
exposed and to determine the thickness of clothing on
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the remainder of the body to maintain thermal equi-
librium and comfort. Use of long trousers and a short-
sleeved shirt or blouse is assumed, with the clothed
fraction of the body’s surface ¢,=0.84. Just as there
are individual variations in skin insulation, so these
estimates take no account of personal differences in
apparel or hair length, but represent average values
which provide a reasonable basis for comparing different
climatic environments.

Under severe conditions, no clothing is called for,
e, Ry=¢,=0. Although a little clothing may never-
theless be worn for the sake of modesty, its slight
thermal insulation is neglected in comparisons of
sultriness. Assumption of a minimum clothing thick-
ness up to ~5 mm produces results differing little
from those presented here.

e. Internal or core temperature (Tp)

Because the body’s perspiration rate can vary greatly
(Fig. 2), the temperature of the skin is less constant
than that of the body’s core. Because of evaporation,
skin temperature may be coolest when the person feels
hottest, as during exertion, and cannot be used as an
index of sultriness. Although athletes may achieve
thermal equilibrium but not comfort at core tempera-
tures as high as 41°C (Hill, 1970), a person feels com-
fortable only at a core temperature close to 37°C,
which is therefore taken as a criterion of comfort and
equilibrium under all conditions in the present paper.

f. Internal or core vapor pressure (Py)

There is consensus in the medical literature (e.g.,
Buettner, 1959) that the body’s core vapor pressure
corresponds to a saline solution with an effective rela-
tive humidity of ~90%,. Since saturation vapor pressure
of water at 37°C is 6.28 kPa, vapor pressure of the
body is taken as 0.90X6.28 =5.65 kPa.

g. Surface temperatures and vapor pressures of skin
(T',P;) and clothing (T;,Py)

The determination of apparent temperature, re-
duced to the independent variables of core (T's,P3) and
ambient (7,P,) conditions, requires knowledge of
surface conditions only to the extent that they slightly
affect heat-transfer coefficients and serve as a check

_(see Section 5b) on the assumptions used in the analysis.

Although the core temperature has been taken as
the independent variable, surface temperature deter-
mines the radiative heat-transfer coefficient between
the model and the surroundings as well as the mean film
temperature on which the convective and radiative
coefficients depend.

The surface temperatures were obtained by iteration
using the following relationships.

For mild sultriness, the temperature of the exposed
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skin surface is given by
Ts=Tb_QuRs (2)
and the clothing surface temperature by

Ty=Ty—Q;(Ri+R.)+ (Pv—Po)R;/
(Zs4+7rRi+Z,). 3)

For severe sultriness, without clothing,
T.=Ty—(Q—Q:)R.. 4)
For both mild and severe sultriness,
P,=Py— (Py—Pu)Z:/ (Zs+rR;+Za), )
Pi=P +(Py—Po)2./(Z;+7R;+2,). (6)
The iterative procedure was as follows:

(i) Assume trial values of surface termperatures T,
and T, beginning with T',=T,= (374T..)/2.

(ii) Determine the mean film temperatures as the
average of the surface and ambient temperatures.

(iii) Repeat the above for vapor pressures, beginning
with Py=P,=(5.65+P.)/2.

(iv) Look up and interpolate the physical properties
(k, » and D) of moist air at this film temperature and
vapor pressure, hence determine the heat-transfer
coefficients for convection (k.), radiation (k,) and
evaporation (g), by applying Sections 24-2r.

(v) Using the analysis of Section 4, calculate the
required clothing resistance (R;) or skin resistance (R,).

(vi) Determine the corrected surface temperatures
(T,,T;) and vapor pressures (P,,Py) from Egs. (2)-(6).

(vii) Repeat the above steps until consistent results
are obtained, typically with three or four iterations.

For the special case of P,,=1.6 kPa, the results of this
procedure are shown in Fig. 3. Once determined, these
results make it unnecessary to repeat the above
procedure in assessing sultriness.

h. Activity

Since perception of sultriness depends on the body’s
rate of heat production, this variable must be specified.
The assumption of thermal equilibrium implies that
the body regulates its heat loss (Q) to equal its meta-
bolic output. The normal level chosen for this study is
that of a person walking outdoors at 1.4 m s™!. New-
burgh (1949) quotes the corresponding heat output as
equivalent to 180 W m™2 of skin surface. Thus, the
value Q=180 is a constant in the present analysis.
Higher levels of activity would increase the sensitivity
to humidity, because of heavier reliance on sensible
perspiration. Few people, however, sustain activity
above the level considered here for long enough to
reach a steady state.

The present study is more concerned with the average
person’s perception of sultriness and with climate com-
parison. For assessing the effects of environment on
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persons at higher levels of exertion, such works McArdle
el al. (1947) should be consulted.

i. Effective wind speed (v)

The combined effect of the model’s movement and
the base wind speed must be determined in order to
calculate convective and evaporative heat-transfer
coefficients. At the level of the average person, the
wind is less than that measured by a meteorological
anemometer. Buckler’s (1969) data indicate that, in
summer, the wind speed varies with the 0.24 power of
the distance above ground level. If the anemometer is
at a standard height of 10 m,

v=110(y/10)%%.

The average wind speed encountered by a stationary
observer, 1.7 m in height, is therefore

17 1.7
= / 'udy// dy,
0 0

=0.527'vm,
=1.32 m s7! in the base wind of 2.5 m s

When the observer walks at 1.4 m s~ at an angle 6 to.
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such a wind, he encounters a relative air movement of
v=[(0.53v10)?+1.42— (2X0.53v,0X 1.4 sin6) J. (7)
This will be developed further in Section 2p.

J. Ventilation rate (Q.)

Because exhaled air is almost at the same tempera-
ture and vapor pressure as the body, its enthalpy is
usually much higher than, but slightly dependent on,
that of the air which is breathed in. Heat loss from the
lungs is taken as proportional to the metabolic output.
Combining the expressions for the sensible and the
latent heat loss given by McCutchan and Taylor
(1951) gives the fraction of the total heat loss ac-
counted for by the lungs as

0.143—-0.00112T7,—0.0168P,,, (8)

equal to 8%, under common summer conditions.

This component of the heat loss, although only
2-129, of the total at sea level, is thus quite sensitive
to humidity. As would be expected, when the propor-
tion is plotted on a psychrometric chart, the slope of the
isopleths is identical with that of the wet-bulb lines.

The fraction lost by ventilation is multiplied by the
total heat loss (Q=180) to give (,, the rate of heat
loss from the lungs, per unit of body surface.

k. Skin resistance to heat transfer (R,)

Reliable data on the thermal resistance of the skin and
its variation with activity have only recently been
obtained (Fanger, 1970). These data were not quoted
explicity but have been derived by analysis of Fanger’s
"results and are shown in Fig. 2. The points represent
averages of four sets of results obtained on 256 human
subjects wearing four different clothing ensembles,
varying in insulation from 0 to 0.225 m? K W~ The
associated dashes represent 959, confidence intervals
for the mean resistance. The narrowness of these in-
tervals indicates the predominant effect of activity;
the effects of ambient conditions and clothing have a
lower order of magnitude. The analysis was based on
the assumptions made or implied by Fanger, including
uniform coverage of the body by clothing. The estimate
of skin resistance used for the present work was ob-
tained by slight extrapolation, since Fanger’s highest
activity rate was 174 W m=2 This resistance is 0.0387
m? K W1 for the present model under mild conditions.

1. Skin resistance to moisture transfer (Z,)

These values were likewise obtained by analysis of
Fanger’s data. They confirm that some sweating is
compatible with comfort, the rate of sensible perspira-
tion increasing with activity. The transition from
purely insensible diffusion through the skin to sensible
perspiration is commonly referred to in the literature,

JOURNAL OF APPLIED METEOROLOGY

VoLUME 18

but is rather indefinite. ' With the information shown
in Fig. 2, it is neither desirable nor necessary to dis-
tinguish between insensible and sensible perspiration
for the purpose of climate comparison; nor is it neces-
sary to invent such concepts as “wetted area” of skin
or “wetness factor” of clothing, quantities which at
present do not lend themselves to accurate independent
measurement.

The resistance of unit area is defined as the quotient
of the vapor-pressure difference across the skin divided
by the moisture flow rate per unit area, i.e., as

(Py—P;) m! in units of m? s kPa g1
g

Since the thermal resistance is in m? K W-!, the mass
flow is converted to a heat flow by multiplying it by
the latent heat of vaporization of water at the skin
temperature. Small changes in sensible heat between
the body’s core and the skin are subtracted from quoted
values of the latent heat to give the effective values of
L used in the present analysis. The difference is close
to 19%,. Thus the “evaporative” resistance of unit area
of the skin is defined as

Zs=(Py—P,)/mL

Under mild conditions, the skin’s resistance is 0.0521
m? kPa W=,

All evaporation is assumed to occur at the skin sur-
face, on both clothed and bare parts of the skin. The
factor mL refers to heat loss from the skin. It will be
shown later that this is greater than the amount of the
body’s heat loss accounted for by evaporation.

in units of m? kPa WL,

m. Clothing resistance to heal transfer (Ry)

Since this forms the basis for comparing mild condi-
tions, some standard must be adopted. Typical summer
fabrics containing, by volume, 209, fiber and 809, air
are considered here. The entrapped air which provides
most of a fabric’s insulation loses some of its insulating
value when the wearer moves; this is even more true of
the air gaps between layers. Although the conductivity
of the clothing is not critical in climate comparison, it
is required for determining the thickness of clothing
to be worn. A conductivity of 4.2 W c¢m m™ K is
typical of summer clothing with a small air gap, as
measured. The data of Belding ef al. (1947) indicate
the proportionally higher values which take body
movement into account. Calculation shows a resistivity
per unit thickness of 0.167 m? K W-! cm™.

n. Clothing resistance to moisture transfer (Z;)

Although much of the heat transfer is through the
fibers themselves, almost all the moisture transfer is
by vapor diffusion across the fabric pores. The rela-
tively slight transfer of liquid through the fibers is
often in the reverse direction since, when perspiration
is slight, body heat tends to reduce the fibers’ moisture






