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Modification of Vernon's globe thermometer and its
calibration in terms of physiological strain

by Hans G Wenzel , MD, Alfons Forsthoff , PhDl

WENZE L HG , FORSTHOFF A. Modi ficat ion of Vernon's globe thermometer and its calibration in term s
of physiolo gical strain. Scand J Work Enviro n Health 1989;15(suppl 1):47-51. Six men wear ing shorts
perfo rmed treadmill work in ab out 150 clima tic chamber experiments at severa l temp eratures of Vern on 's
globe thermometer (t) from 25 to 50°e. Eac h r, was produced partl y by an equa l air temperature (ta)
and a mean radiant temperature (MRT), partl y by a lowered r, (minimum 5°C) and an MRT elevat ed
up to about 80°C above the taoWith an increasing MRT and lowered ta, respect ively, bod y temperatu re,
heart rate s, and sweat losses decreased significantly. In another 55 experi ments ph ysiolog ically equi valent
combinations of to and MRT were der ived . According to the results a mod ified globe thermometer was
built. It reduced the errors o f Vernon's instrument by about 75 010 . Th e remaining error of 25 % was
due to changes in air velocity between 0.5 and 2 m . s '. The appl icability of simple instruments like globe
thermometers is obviously limit ed for the description of physiologically equivalent conditions of unequ al
t, and MRT at various air velocit ies.

Key terms: globe thermometer, physiological equivalence, unequal air and radi ant temperatures.

Series 1

In about 150 experiments, six healthy young men wear­
ing shorts and footwear were exposed to conditions

demonstrates the distribution of radiation ener gy,
produ ced in four so-called "radiation towers." In
order to help clarify the aforementioned question of
whether the physiolo gical effects o f unequal air and
radiant temp eratures are equi valent to tho se ex­
perienced at the resulting equal glob e temperatures,
four series of mor e than 400 climatic chamber experi­
ment s were carried out. Series I revealed inaccuracies
in the globe thermometer of Vernon (I ) , series 2 con­
cerned possibilities of improving Vernon 's thcrmom­
eter, series 3 was used for developing a mod ified globe
thermom eter, and series 4 dealt with ad vantages of the
new globe thermometer and its calibration in term s o f
physiological stra in.

It is well kno wn that rad ian t temperature may exceed
air temperature considerably at man y, part icularl y in­
dustrial , workplaces or in the open air and that effects
of elevated radiant temperature on man may be com­
pensated by lowered air temperatures within certain
limit s. In the evaluations of such climates, the globe
thermometer of Vernon (1) has been used for man y
decade s under the assumption that those conditions
of unequal air and radiant temperature resulting in
equ al glob e temperatures are also physiolo gically
equ ivalent. Ho wever , it is not kno wn if th is assump­
tion is correct, part icularl y in cases of large differences
between air and radiant temp eratures of, eg, 50 K and
mor e.

There is good reason to conclude that the lack of
knowledge about the accuracy of Vernon ' s globe ther­
mometer is due to the fact that the exper imental simu­
lation of the needed climatic conditions requires a tech­
nically complicated and expensive climatic chamber.
At the end of the I970s, such a test room was con­
structcd in the Institute of Occupational Health at the
University of Dortmund. The chamber is similar to one
developed and described earlier (2, 3). Figure I shows
a horizontal section of the climatic chamber. A test
subject sitt ing or working in the middle o f the cham­
ber can be exposed simultaneously to an air stream with
temperatures do wn to the freezing point and to mean
radiant temp eratures of up to about 140°C. The ob­
long line , plotted in polar coordinates, in figure I
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Figure 1. Horizontal section of the climatic chamber.
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Figure 2. Lin es of equal temperatures of Vernon 's globe the r­
mometer (tg) (broken lines) at different ai r temperatures (tal and
mean radiant temperatures (MRT) according to Graves (6).
(Temp = temperature , v = air velocity)

tures." The figure also shows the combinations of var­
ious air temp eratures and mean radiant temp eratures
which result in equal temperatures of Vernon 's globe
thermom eter according to previous investigations of
Graves (6). The respective calculat ion according to
older data of Bedford & Warn er (7) results in slightly
different curves.

Each desired globe temperature was produced first
by an equal air and radiant temperature; in further ex­
periments the mean radiant temperature was increased
stepwise in combina tion with a stepwise reduction in
air temper atu re. In each experiment , the subjects
walked 4 km lh on a hor izontal treadmill for 3 h in
most cases. They were supplied with drinking water
ad libitum.

Figure 3 demonstrates the results of 13 experiments
carried out on two subjects working in air with a low
humidity level, the air velocity being 0.5 m / s. In all
the experimen ts, the globe temp erature was kept con­
stant at 45°C. If Vernon's globe thermometer were able
to describe physiologically equivalent conditions cor­
rectly independent of the combination of air and
radiant temperature, equal physiological reactions
would be expected when the radiant temperatu re was
elevated and the air temperature reduced respective­
ly. According to figure 3 this result, however, was not
obtained. By the end of the third hour the heart rat e
and rectal temperature had decreased significantly with
an increasing radiant temperature and correspondingly
a decreasing air temperature. The same applied to body
weight (sweat) loss.

Similar experiment s were carried out on the other
test subjects, partl y at other globe temper atures be­
tween 25 and 50°C and partly at an air velocity of
2 ml s instead of 0.5 m l s. Some additional experiments
were also performed in which radiation from the front
or back of the subjects replaced circular rad iation.
Without exception, unequal combinations of both the
ambient temperatures tha t produced a constant globe
temperature resulted in systematically different phys­
iological responses. Sweat loss, for instance, decreased
by about 300 glh under the extreme conditions , cor­
responding to 50 % of the sweat loss at the reference
temperature. Hear t rate decreased up to about 30
beats/min. In oth er words Vernon's globe thermom­
eter considerably underestimated the physiological ef­
fects of decreasing air temperature and overestimated
the corresponding effects of increasing radiant tem­
perature .

In an attempt to determine the combinations of air and
radiant temper ature equivalent to actual conditions,
55 experiments were carried out with three of the six
subjects included in series I . The slanting line of the
example in figure 4 confirms again the findin gs ob­
tained earlier with a constant globe temperature. In
additional experiments, the globe temperature was not

Series 2
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of globe temperatures between 25 and 50°C (4, 5). The
equal rad iant and air temperatures were described by
the unbroken diagonal line as shown in figure 2. They
will be referred to in the text as " reference tempera-

Figure 3. Som e physiological responses of two subjects af­
ter 3 h of treadmill work in unequal air and radiant tempera­
tures at a constant globe temperature of 45"C . (f;;1 = mean
metabolic rate, lei = thermal insulation of clothing, v = air ve­
locity, VP = vapor pressure, Temp = temp eratu re)
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kept constant, but was instead elevated stepwise until
the same physiological reactions were reached as had
been obtained at the reference temperature. (See the
horizontal line in figure 4.) At an air temperature of
15°C, for instance, the globe temperature had to be
elevated by lOoC, from 45 to 55°C, to cause the weight
loss observed at the reference temperature of 45°C.
The results of all the experiments of this series have
been summarized in figure 5.
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Figure 5. Comparison of some isotherms of Vernon 's globe
thermometer with lines of physiologically equivalent cl imates .
(Temp = temperature, v = air velocity)
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Figure 4. Weight loss of a subject in unequal air and radiant
temperatures at a constant globe temperature (tg) and at globe
temperatures elevated stepwise. (MRT = mean radiant temper­
ature , v = air velocity)
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Figure 6. Heart rates of two SUbjects in different air tempe ra­
tures at a constant temperature of Vernon 's globe thermome­
ter (t v) and of the modified globe thermometer (tg65). (M =
meta~olic rate, lei = thermal insulation of clothing, Temp =
temperature, v = air velocity, VP = vapor pressure)

As has already been mentioned, Vernon's globe ther­
mometer and the human body show different relation­
ships between heat exchange with the environment by
convection and radiation. The aim of the experiments
of series 3 was to modify the original globe thermom­
eter so that its heat transfer properties simulated those
of the human body. More than 20 modifications were
tested (8). Special emphasis was attached to technically
simple changes acceptable to the practitioner making
use of the instrument in daily life .

One successful modification was to change the di­
ameter of the black globes used. A smaller diameter
(diameter of Vernon's globe 150 mm) resulted in a
higher heat transfer coefficient for convection. A globe
with a diameter of 58 mm reached equal temperatures
under the climatic conditions described as being phys­
iologically equivalent at the low air speed of 0.5 mls
(figure 5). A slightly larger globe, 73 mm in diameter,
proved to be suitable at an air speed of 2 m /s . This
difference corresponds to thermodynamic experiences
of physics. In order to save the practitioner the trou­
ble of using different globes at different air velocities,
a compromise was made. A globe with a 65-mm di­
ameter, ideal for an air velocity of about I rn/s, was
built. Certain inaccuracies were likely for air veloci­
ties of 0.5 and 2 mis, but they could be expected to
be fairly small.

Series 3

Series 4

To determine whether or not the conclusions drawn
on the basis of the experiments in series 3 were valid,
additional experiments were carried out which were
similar to those performed in series 1. Three young men
worked first at reference temperatures and then at step­
wise reduced air temperatures and correspondingly
elevated radiant temperatures, but partly at a constant
temperature of Vernon 's globe thermometer (tgv) and
partl y at a constant temperature of the modified in­
strument (tg65) . Figure 6 shows the final values of the
heart rates of two of the three subjects when an air
velocity of 0.5 mls was used . As expected from the
results of the experiments in series I, the heart rates
measured under the tgV conditions decreased with
lower air temperatures. Under the tg65 conditions the
heart rate of one subject (subject 9) decreased slightly
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suIt was expected fro m the experiments of series 3. The
hatc hed tr iangle represents the remaining errors du e
to changes in air velocity. The heart rate data presented
in figure 7 show nearl y the same configura tio n as that
of weight loss. For rectal temperature, there was a cer­
tain similari ty to the findin gs for weight loss and heart
rate, bu t the differences were fairly small (figure 7) .

According to these result s, the errors of the tgV
could act ua lly be reduced by the simple modi fication
of redu cing the diameter of the black globe used. All
the physiological data ob tained in the experiments of
this series were summarized and used for calculating
quantitatively the average improvement. It was fou nd
that the errors of the tgv were reduced by about 75 0/0
when the mean radiant temperature exceeded the air
temperature up to nearly 100 K in the air velocity range
of 0.5-2 m/ s.

Discussion and concluding remarks

According to similar recent studies, the imp rovement
found with th e modified version of Vern on 's globe
thermometer seems to apply also when subjects are ex­
posed to unilateral instead o f circular radiation, per­
haps also when heavier work is performed . Addi tion­
al series of experiments ar e now being conducted in
which men wearing commonly used workclothes are
serving as test subjects . Th e result s ob tained thu s far
show that also und er the se clothing condit ions pre fer­
ence should be given to a modified globe thermo m­
eter. In a comparison with the values o f Verno n's in­
strume nt, however, the improvement was smaller than
that obtained in the experi ments described in th is
pa per. A globe with a diam eter slightly sma ller than
65 mm might be more suitable for describ ing combi­
nations of air tempera ture , mean radiant temperature,
and air velocity which are physiologically equiva lent
to fully dressed subjects . The result s which are already
ava ilable, however, seem to ju stify the proposal to re­
place the origi na l globe thermometer of Vern on by a
new instrument. This proposal has to be con sidered
with cau tion, as the effects of various com binations
of clothing, work load, individual tol erance, etc , are
sti ll incomp letely known.

Alth ough the proposal will be helpful to the pract i­
tio ner in the near futu re, it should certainly be con­
sidered as a tempo rar y solution, there is still an error
of 25 % . It seems to be difficult to achieve furt her im­
pro vement however by other mod ifications und er the
conditions of the present studies, which are simple and,
therefore , accepta ble for the practitioner. A simple in­
strument like a globe thermometer can obvio usly de­
scribe physiologically equ ivalent com binations of
unequal air and radiant temperatures at various air ve­
locities only by ap proximation .

Anyone who inten ds to describe and evalua te a cli­
mate measures air tempera ture in degrees cent igra de
and air velocity in meters per secon d an d uses a
psychrometer , for instance, for collecting figur es on
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Figure 7. Description of physiologicall y equivalent combina­
tions of unequal air and radiant temperatu res by means of the
modi fied globe thermometer (tQ6S) at the air veloci ti es of 0.5
and 2 .0 m/s . (M = metaboli c rate. lei = the rmal insulation of
clo th ing , v = air velocity. Temp = tempe rature, tgV = Ver­
non's glob e thermometer)

when the air temperatures were lowered. This obser­
vat ion was to be expected from the results of the ex­
per iments in series 3. For the ot her subject (subject 8)
the data were pract ically equal to the data obtained
at the reference temp eratu re.

There was hencefo rth the crucia l question of how
the phys iological responses were infl uenced by the air
velocity of 2 m/s. Figur e 7 shows the mea n regression
lines of the two subjects represented in figure 6 at a
cons tant tgV and a constant tg65 with air velocities of
0.5 and 2 m/s. For the sake of clarity , th e ordinates
in figur e 7 have not been made to indica te the abso­
lute values of the physiological response in question ,
but ra the r the differences in the values at the refer­
ence temperatu re, as these values d iffered individual­
ly. The results for weight loss dem onstrate this com­
parison in a fairly typical way . Th e two lowest regres­
sion lines, decreasing steep ly with a lowered air tem­
pera tu re, refer to experiments in which the tgV was
kept constant at 45°C. As has already been mentioned,
the sweat loss decrea sed by about 300 gl h fro m an air
temperatur e of 45°C to that of 5°C in spite of the con­
sta ncy of the tgv. The change in ai r velocity fro m 0.5
to 2 ml s had no influence. The two ot her lines refer
to experiments at a tg65 of 45°C . Th e upper line,
derived fro m experimen ts at an air velocity of 2 mi s,
increases slight ly, whereas the lower line, referri ng to
an air velocity of 0.5 mis , decreases slightly. This re-
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air humidity. Curiously, and contrary to this fact, Ver­
non's globe thermometer was so impressive that, for
more than 50 years, the existenceof basic physical units
of heat radiation have been neglected. A definite
solution to the problem can probably be expected only
after one liberates oneself from the fascination of a
primitive instrument which is supposed to be able to
integrate the effects of all the thermal factors result­
ing in the final reaction of the complicated human
body.
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