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Apparent temperature (AT) describes the combined effect on the typical active
human of temperature and humidity; optionally, wind and radiation are taken into
account. The apparent-temperature model has been refined, and is applied to a range
of Australian climate data to analyse the diurnal and annual pattern of normal
effects of vapour pressure, wind speed and extra (solar and sky) radiation, and to
combine these into maps and charts of apparent temperature. Results show that
dry-bulb temperature sometimes over or underestimates the total impact of climatic
norms by 10K. Equations are presented to enable calculation of direct and diffuse
solar radiation in a clear sky at any time and place on earth. Sunshine is commonly
the greatest modifier of dry-bulb temperature in Australia. Daily AT typically
reaches its normal maximum before dry-bulb temperature, but seasonal variation of
AT lags. Much of the Australian interior has a more temperate climate than

dry-bulb alone would indicate.

Introduction

Apparent temperature is an index used by the
meteorological services of, for example, UK
(Dixon 1991), NZ (Thompson, personal com-
munication 1988) and USA (Climate Analysis
Center 1987) as a temperature-like combined
measure of all the climatic variables that affect
human comfort and performance (Steadman
1984). Expressing heat stress, cold stress or
comfort on a familiar temperature scale makes it
- easier to communicate than measures such as
measured sweat rate or imputed heat flow. In
summary, the model consists of a typical human,
walking at 1.4 m/s and geénerating heat of
177 Watts for each square metre of total body sur-
face. Of this surface, 90 per cent undergoes full
convective and evaporative heat transfer, while
the effective radiating area is 72 per cent of the
total (Fanger 1970). All of the person’s major
defence mechanisms against heat and cold are
allowed for, including variation in the coverage
and thickness of clothing, as typically worn as a
function of temperature. This thickness is taken
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as the exact amount needed to equate heat loss to
heat production in steady-state conditions and

" has a one-to-one correspondence to apparent tem-

perature. This balance will be quantified later as
Eqn 15.

Heat transfer basis of apparent
temperature

This section summarises previous work (Stead-
man 1979a,b; 1984) and stresses changes made
subsequently to make the equations more real-
istic, accurate and easily computed.

Of the total heat loss, 177 W/m2, an amount
25—0.23 T,—3 P, is due to heat and moisture
exchange in breathing. See the Appendix for an
explanation of symbols. Being independent of
wind speed and extra radiation, it is normally
computed first when those two variables are being
examined. It is subtracted from the total heat loss
(or production) to give the total heat loss through
the skin,

Q,=152+0.23T,+3 P, .
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A fraction ¢, of the skin is taken as covered by

clothing having a thickness dy, while the remain-

_ der is bare. The present model recognises that for
reasons of modesty or decoration, some clothing
is worn at any temperature, with the body’s own

- defence mechanisms, such as.Vasodilation and
sweating, offsetting the effect of thermally need-
less clothing. Many studies of human biometeor-
ology ignore clothing; others assume that it uni-
formly covers the whole body. In practice, the area
of skin covered increases with the clothing thick-
ness, and an empirical fit to human observations
in a wide range of climates gives

l—¢2=exp (—"ll,df) .2

Examples are given in Table 2.
Similar observation shows a universal relation-
ship

R;=(14R,)} .3

for the clothed part. A derivative of this, because
R~ 0.04 m? K/W, is that clothing resistance in-
creases about 12 times as fast as the body’s skin
resistance, i.e., vasoconstriction alone accounts
for only a small part of the body’s defence against
cold. A value of R;=0.155 m? K/W corresponds
to one clo, and 0.100 m? K/W to one tog.

Based on information which confounded mass
loss due to sweating with that due to breathing, the
skin’s resistance to moisture transfer was pre-
viously (Steadman 1979a,b) underestimated, and
some results at high humidities (P,>3.5 kPa) had
to be discarded because the skin relative humidity
appeared to exceed 90 per cent. The corrected and

more versatile relationship for estimating the per- -

son’s average resistance to moisture transfer is
Z,=(13 R,)* ...4

The person’s primary thermoregulatory mechan-
ism is to allow the core temperature to rise, or fall,
triggering the other mechanisms. The clothed
person is necessarily warmer than the near-naked
subjects on which the present model is based,
giving a body temperature that rises as the skin’s
resistance falls, from the work of Leithead and
Lind (1964), as

T, =33.8+ 1/(7R;) .5

The body is never at saturation vapour pressure,
as many indices suppose, but at about 90 per cent
RH (Buettner 1963). A fit to the curve of 90 per
cent of saturation vapour pressure in the range 35°
to 39.5°C gives

Pb= €Xp ((Tb_6)/18) ...6

Improving on previous work, the 1993 model of
apparent temperature recognises the isothermal
expansion of evaporated sweat at the generally
unsaturated skin. The amount of heat so ab-
stracted is an order of magnitude lower than that
due to the phase change, but, being relatively great

at lower skin relative humidities, which are as
low-as 0.35 in Australian conditions, it reveéals
an .appreciable part of the effect of humidity
on apparent temperature. Integration of the
Clausius-Clapeyron equation for water vapour
having a gas constant of 467 Pa m3/K kg shows a
headt loss corresponding to

In:(1/e)/17 K/kPa -

abbreviated to a humidity function f (&) for the
bare parts and f (¢’;) for the clothed parts of the
skin.If ;= 1, as on a wet-bulb, this effect is zero.
When combined with the latent heat of vaporis-
ation this gives an evaporative heat loss of

(1 +1(&)) (Py—PZ + Z,) (bare)
and (1 +f(¢;)) (Py— P )(Z, + Zc + Z,") (clothed)

If evaporation occurs at the skin, a fraction
(Re+ R)(R+ Re+ R, of this heat loss is taken
from the body, the remainder from the surround-
ing air. The efficiency of evaporation is given by

(1 +1(&)) (Re+ R V(Rs+Re+R,) ...8

where Ry=0 on the bare parts. This efficiency is
near 80 per cent as distinct from the 100 per cent
which is often assumed in the literature. If the
mean skin humidity exceeds 90 per cent, some
dripping may occur, lowering efficiency further
and multiplying it by a factor

1—0.5 exp (—6.6 (1—dy)) .9

where ¢4, the supposed skin wetness, is lower
than the relative skin humidity of the apparent-
temperature model (International Organisation
for Standardisation 1972).

Becausc the present model is walking outdoors,
the skin humidity is below 90 per cent in all
scenarios of Australian norms, so that Eqn 9 is not
used in this work.

The clothing thickness d¢is expressed in units of
resistance (Ry) to facilitate its derivation from the
two environmental variables, temperature and
wind speed, that most affect surface resistance.
Reflecting the improved wind-resistant fabrics
now available, the required thickness d; is given
by

dr=0.01 Ry (w+90) (1 + (T, +Q, R,")/750)
.10

The surface resistance R, is the reciprocal of the

sum of convective and radiative heat-transfer co-

efficients, the former being a function of wind

speed (Table 1) and the latter of temperature,

h,=33+(T,+Q,R,)/28
R,=1/(h,+h)

For convenience in computation, the variable

w="h_+0.5 is introduced, giving
h+h,=w+(T,+Q;R,)/28 +2.8 ...11

Because of confusion in the literature between
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wind speeds encountered by the person on the

ground and by the ten-metre anemometer, atten-
tion is drawn to the values in Table 1. These show
that the former speed is usually barely half of the
latter. For a typical person generating 177 W/m?2
or about 300 W, quoted heat gains exceeding
400 W into a typical person having a heat capacity
of 300 kJ/K, if they happened, would cause a tem-
perature increase of 1K every 8 minutes, causing
death within an hour. Such conclusions indicate
the need for refinements to some conventional
simplifications and assumptions.

Because of the increase in body diameter and
hence surface area occasioned by donning insu-
lative clothing, the surface resistance, referred to
the body’s surface, is effectively reduced and, for
the clothed parts, is given by

R, =R,/(1 +0.5 dy) 12

Surface resistance to moisture transfer is likewise
given by:

Z,=1/(16w) for the bare parts ...13

and Z,"=Z/(1+0.5 dy) for the clothed parts
...14

For a person walking in an environment having
temperature T,, vapour pressure P,, wind speed
derivative w and extra radiation Q,, the deter-
mination of apparent temperature begins with an
iterative solution of d; to Eqn 1 and the heat
balance equation

152+0.23T,+3P,=
(1—=¢2) (Tb —T,—R, Qg +R,(Py,—Py)
1+ fle(Z+ Z)W(R,+R,)
+ 6, (Tb_Ta— R, Qg + (Rf +R;) (Pb_ Pa)
f1+f (&WN(Z+ Zo+ ZN)(Rs+R¢+R,)
...15

where the components are as defined in Eqns 2 to
8 and 10 to 14 and Z;=R/8.

At each iteration the difference between the left
and right-hand sides is multiplied by (R/15)! to
give a correction that is subtracted from R. Trials
showed this to provide the fastest versatile con-
vergence. Iterations continue until the two sides
agree to within 0.02 W/m? or one part in 8000,
though other levels of precision can be chosen.

Base conditions: determining

apparent temperature

Equation 15 yields the required skin resistance to
obtain thermal equilibrium. This has a one-to-one
correspondence to the skin’s moisture resistance,
the body’s temperature and vapour pressure, the
clothing’s thermal resistance. and, importantly,
the apparent temperature. With the adjustments
of Eqn 10 it corresponds approximately to the
thickness of clothing and the proportion of the
skin surface clothed.

Establishing scales of apparent temperature be-
gins with ‘base’ conditions in which the effects of
wind, humidity and extra radiation are neutral,
with both positive and negative deviations poss-
ible. Base conditions are described as:

(a) an ambient vapour pressure of
(i) saturation when T,< —3°C
(ii)) 0.6+0.04 T, when —3°C<T,=<26.3°C
(iil) (T,+273)/181.4 when T,>26.3°C. ,
The last equals a vapour concentration of
12 g/m3, the standard level maintained in
temperate-zone physical testing laboratories.
(b) no wind except that generated by the person’s
movement;
(c) no extra radiation.
With these three variables set at these values, the
base relationship between skin resistance and AT
is established over the range —40°C < AT < 50°C.
Following trials to find the briefest equation with
good fit for Australian conditions, a curve fit to
this relationship having a maximum deviation
<0.13 K over the range —5° to 45°C is

AT=—152.8—199.4 X—91.52 X?
—2039X3-1.656X* = ...16

where X=1In R;.

This is programmed at the end of the iterative
procedure of Eqn 15 to enable any set of con-
ditions T,, P,, v o and Q, to be analysed and its
apparent temperature determined to £ 0.1K. This
deviation is reached only at AT =26.3°C, where
the curve fit smooths out a discontinuity in the
slope of the AT base line.

Extra radiation

This major component of apparent temperature is
sometimes a critical ‘last straw’ in heat stress. It is

Table 1. Convective heat-transfer coefficients as a function of anemometer readings.

Vig (M/S) ' 0 2
Relative wind speed (m/s) 1.40 1.63
h, (W/m?’K) 9.5 10.5

4 5 6 >6
2.43 2.93 3.45 0.18+0.543v
13.5 15.2 16.8 6.7+ 1.69vq
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also the least studied component. It measures the
extent to which surroundings supply or remove
more radiation than would occur when surround-
ing radiation temperature equals ambient air
temperature. The rate at which it is absorbed at
clothing or skin surface, Q,, is related to mean
radiant temperature T, by

Qg =h; (T‘r—Ta‘) | -

and to the industrial engineer’s operant tempera-
ture T, by . .

Qg = (hr + hc) (To_Ta)

In meteorology, the extra radiation comes directly
orindirectly from the sun and the sky. For a model
having absorptivity 0.7 and exchanging 0.72 of
possible radiation from its surface, with a pro-
jected area factor ¢3, direct radiation on the per-
son is related to that on a horizontal actinometer

QDa by .
Ql =0.50 03 QD/sin A=0.50 03 Qn

where a fit of ¢; to Fanger’s (1970) data, averaged
over all azimuths, is

03=0.3014+ 88X 105 A—746 X 10”7 A2
+435X107% A3

where A is the solar altitude angle.

If the actinometer is receiving diffuse radiation
at arate Qq, the corresponding radiation absorbed
by the person’s surface, given a radiative form
factor to the sky of 0.4, is

Q,=Q4/7

For ground that reflects 20 per cent of incident
radiation, terrestrial radiation on the person is
given by

Q3=(Qp+Qy)/28

A curve fit to the author’s earlier results on out-
going radiation from the person to the sky gives an
improved equation

Q= (1—0,22)(T,+ 103)
{l—exp (—0.11E)+exp (—0.11E—1.1)}
exp. (—0.10P,) .. .17

where ¢, is the fraction of sky covered by cloud.

Two scenarios call for knowledge of the inci-
dent direct and diffuse radiation, Qp and Qq4. The
approaches differ in principle but give gratifying
agreement.

Cloudless sky with near maximal radiative
exchange

This scenario is not directly relevant to normal
cloudiness and average insolation but is of
interest because maximal radiation is more com-
mon than any other level and because it provides
‘design’ conditions for determining decision rules
for human exposure.

Extensive curve fitting to data of the American
Society of Heating, Refrigeration and Air Con-
ditioning Engineers (ASHRAE 1977) (which refer
to Minneapolis with its great seasonal variation in
atmospheric moisture content) with the incorpor-
ation of atmospheric absorption properties show
that for a solar constant of 1353 W/m? the total
insolation normal to the sun’s rays at any time or
place is given on average by

Q, =(1353—46 sin (n—94)) f (P,, E, A)
i .18

where f (P, E, A) is an atmospheric attenuation
factor equal to

{(1—exp (—0.11E) +exp (—0.11E—0.18))
exp (—0.09 P,)jcosec A

and n is the ordinal number of the day in the year,
converted to degrees by ignoring February 29,
May 31,.July 31, August 31, October 31 and
December 31. At present Q, reaches a maximum
near 4 January when the earth makes its closest
approach to the sun. This new Eqn 18 is derived
from theoretical grounds and an exhaustive study
of ASHRAE (1977) and other data. It enables total
solar radiation to be determined for any time of
year, humidity, solar altitude and elevation, on or
above the earth’s surface. Fluctuations with a co-
efficient of variation of about 3 per cent occur due
to solar activity, and the term shown as —0.18
varies with atmospheric dust, but only the mean
values are relevant in a discussion of norms.
The attenuation factor differs quantitatively
from that implicit for long wave radiation in
Eqn 17 because of higher transparency of carbon
dioxide and water vapour to short wave incoming
radiation. Further analysis of the data shows that
the fraction of this that is scattered or diffuse is

1—¢5=(0.04 +0.05 P,) exp (—0.10E)
i.e. on a horizontal surface,

Qys=Q,(0.04+0.05 P,) exp (—0.10E)
...19

The scattering effect is only roughly proportional
to the absorption, i.e. the data correspond only
approximately to the Kubelka-Munk law.

Direct insolation on a horizontal surface is
given approximately and in general by

Qp=Q,(1—¢5)sin A ...20
The sun’s altitude is given by:
sin A =sin & sin A+ cos & cos A cos H

where 8, the declination angle, is 23.45 sin
(n—79), A is the latitude and H is the hour angle
from solar noon, with each hour corresponding to
15 degrees.

Contour charts of maximum extra radiation for
four Australian stations at different latitudes and
altitudes are illustrated in Fig. 1. These and other
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Fig.1 Clear-sky extraradiation absorbed by person as a
function of time of day and month of year at four
Australian stations. (W/m? of skin surface.)
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charts correspond to local standard times, except
Fig. 9, which refers to solar noon. Examination of
Fig. 1 shows some significant similarities. Be-
cause the southern summer coincides with the
perihelion, seasonal differences in extra radiation
exceed those of similar latitudes in the northern
hemisphere. The charts, with isotherms at —20, 0,
40, 80, 100 and 120 Watts of absorbed radiation
per square metre of total body surface, are calcu-
lated from the above equations, and take no

- account of any effects due to recent reduction of
the southern ozone layer. Also significant is that
the clear-sky ‘design’ data shown in Fig. 1, while
nominally maximal, can be exceeded. When the
sun is nearly overhead, the body’s form factor falls
to 0.10 to direct radiation, while the correspond-
ing coeflicient for diffuse radiation is 0.14. Thus
any diffusion of tropical sunlight accompanied by
scant atmospheric absorption increases the solar
load on the person. This effect requires the sun’s
altitude angle to be greater than sin~! (0.10/0.14)
=46°. Thin altostratus cloud can have a similar
effect by re-radiating diffusely the solar radiation
that it absorbs.

Differences between the four stations deserve
comment. Average annual radiation on the up-
right human has less latitudinal variation than on
the horizontal actinometer but shows the same
trend, with noticeable winter attenuation at

Hobart’s latitude. The effects of humidity and
especially elevation on incoming and outgoing
radiation tend to cancel out, making the nett radi-
ation almost independent of altitude, and largely
accounting for the similarity in the clear-sky
charts for Perth and Canberra. The two times
when the sun is nearly overhead are evident in the
Thursday Island chart. At tropical coastal stations
like Thursday Island, atmospheric moisture
reduces the outgoing radiation, which falls to
—20 W/m? only on warm dry-season evenings.
That this type of radiation depends on surface
temperature helps account for the slightly higher
peak of nett radiation in the mornings, typically at
about 9 am solar time in summer, then a second-
ary peak near 3 pm, but with a single maximum at
solar noon in winter. Expressed in terms of solar
altitude, at any season or place, clear-sky nett radi-
ation reaches zero near A = 6° and its maximum
near 40°.

Solar noon precedes local standard time by the
sum of the distance in degrees by which the station
is east of its time-zone meridian and the ‘equation
of time’ which, by the author’s Fourier analysis, is
given, with a standard deviation of 0.15, as

—1.73 sin n —0.76 cos 2n— 2.54 sin 2n
degrees of longitude.

Normal average extra radiation

This was generally derived from hourly means of
total and diffuse radiation. Where the actin-
ometer was at some distance from the other
recording instruments, ASHRAE (1977) tables
were used to correct readings with respect to both
longitude (i.e. time) and latitude effects. This
especially applies to adjusting radiation data of
Williamstown, NSW, to Sydney data for tempera-
ture, humidity and wind. The adjusted data,
where comparable, are close to those of Spencer
(1975).

Because not all 25 stations had hourly radiation
data, but all had daily totals shown on maps
(Bureau of Meteorology 1982), the required noon
norms of both direct and diffuse radiation were
derived as follows. ASHRAE formulas for the
same latitude (with solar declination reversed for
the southern hemisphere) were used to calculate
noon intensities and daily totals of both Qp and
Q4 by summing at 40-minute intervals. These
were compared with observed daily totals and the
noon intensities were determined by proportion.

Applications and simple computing
formulas: levels of apparent
temperature and their effects

Various indices have been used to estimate the

effects of humidity, wind or extra radiation
(occasionally two of these, such as the wet-bulb
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globe thermometer temperature). If the re-
searcher’s interest is limited to temperature and
humidity, as sometimes happens in summer, the
combination is expressed as ‘indoor apparent
temperature’, AT, and is obtained by solving
Eqn 15 and its antecedents with v;o=Q,=0.
The effect of humidity is given by AT,—T, and is
illustrated in Fig. 2.

The dotted envelope of Fig. 2 encompasses
climatic conditions found 95 per cent of the time,
population weighted, across Australia. The
‘shade’ apparent temperature’AT,, takes account
also of wind, with Q, still set at zero.

To assist in estimating multiple apparent tem-
peratures, especially in forecasting, curve fitting
was applied to 30 sets of data, many of them ex-
treme values, giving

AT,=0.89 T,+3.82P,—2.56 ...21

With a residual standard deviation of 0.86K, this
approximation provides convenience at the price
of lost accuracy. In the area within the envelope of
Fig. 2, this standard deviation falls to 0.5K.
The wind-chill effect is AT,, — AT, and is illus-
trated in Fig. 3 for the special case ofpvlo = 10m/s.
Because wind-chill, i.e., T,,—Tp, is not exactly
proportional to the anemometer wind speed, its
calculation by proportion from Fig. 3 is accurate
to within one per cent only if 6 <v;g<14 m/s. In
general, a refined version of Table 1 is more re-
liable and was used in the present work. Of
interest in Fig. 3 is a seldom encountered zone of
hot dry conditions where wind has a warming
effect. A least-squares fit to Australian results is:

AT,y =T, +3.30 P,—0.70 v;p—4.00 ...22

This is a more useful approximation than Eqn 21
because of the absence of a single alternative chart
corresponding to Fig. 2. The residual standard
deviation of 1.20K could be reduced by allowing
for non-linearities and interactions among tem-
perature, vapour pressure and wind.

The ‘outdoor’ apparent temperature AT, ex-
presses the sensation of a person walking ‘in the
sun’. It is often lower than measurements made by
exposing a thermometer to sunlight; it also meas-
ures negative radiation exposures, as at night.
In most applications, —40<Q,< 130 W/m?
and the effect of extra radiation outdoors,
AT, —AT,,, is between —2 and +8K. A crude
estimate of this effect, which takes no account of
clothing, breathing or sweating, is R, Q, degrees.
In practice it is close to the effect that must be
estimated more laboriously; the line of exact
agreement is shown on Fig. 4, which describes the
warming effect when Q, =100 W/m? and v o= 0
(as well as at other combinations such as Q, = 120
and Vo= 2.3 m/s).

The extra-radiation effect can be accurately es-
timated by proportion for other levels of Qg, even
negative levels, but at higher wind speeds, Table 1,

Fig. 2 Effect of humidity (K; solid lines) and apparent
. temperature (°C) indoors (dashed lines). Dotted
envelope encloses 95 per cent of Australian

weather.
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