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When the Royal Navy asked the Medical Research
Council to enquire into the effects ofheat on human
beings, the resulting investigations came under two
general headings. The first was the question
whether high atmospheric temperatures affected
some forms of human activity more than others.
An answer to this question was needed to deter-
mine which compartments in ships should have
priority in the allocation of air-conditioning equip-
ment. The second main aim of the research was to
discover the extent of the overlap between the
effects of the heat on the body as assessed by
physiological techniques and the effects of heat on
human performance as measured by psychological
experiment. Answers to this second question
might indicate how far it was safe to use simple
measures of bodily functions to predict the presence
of performance deterioration.
The first question has entailed studies of the

effects of heat on a wide variety of real-life human
activities, all of which are vital for the fighting
efficiency of the modern warship. Actual human
performance has been measured with tests demand-
ing either hard thinking or heavy physical effort.
Sometimes, however, a different line of approach
has been tried with the volunteer experimental sub-
jects who were usually Naval ratings; instead of
these men having too much to do, their patience
has been tried by giving them too little to do, as,
for example, in jobs imitating dull and monotonous
look-out duties. The accuracy of their watch-
keeping showed whether they could remain wide
awake and alert under these circumstances. Con-
versely, the ability to sleep soundly with the
minimum of restlessness has also been studied at
different room temperatures. But there is no great
difference between the effects of heat on all these
various forms of human activity, and this paper
can therefore be taken as representative of the bulk
of the evidence now available-see also Houghten
(1942), and Weiner and Hutchinson (1945).

Specifically to this study, the problems relating
to the first main question were:

1. Do hot and moist atmospheres impair the
accuracy with which trained wireless telegraph
operators can write down morse messages heard
over their headphones?

2. If any such deterioration is found, how far
may the atmospheric temperature be allowed to
rise (above the lowest temperature readily obtain-
able with air-conditioning plant in tropical waters)
before this deterioration becomes statistically
definite?
The second general question of the correlation

between bodily changes and human performance is
clearly a complex matter and here the research aims
have been limited to an analysis of the relationship
between rectal temperature and working efficiency
since rectal temperature is one of the most widely
used physiological measures in hot-room investiga-
tions. The specific problems arising from this
second main question were:

3. Does increased room temperature lead to a
rise in body temperature with sedentary work of
this nature?

4. Are the performance test scores on this wire-
less telegraphy reception test statistically related to
the rectal temperature readings?

5. If so, is there any evidence that a rise in body
temperature causes deterioration in ability on this
wireless telegraphy test?

Main Findings
1. Hot and moist atmospheres seriously impaired

the accuracy with which trained wireless operators
could record morse messages heard over their head-
phones.

2. A statistically reliable reduction in wireless
telegraphy reception accuracy first appeared when
trained and acclimatized men were exposed to an
atmospheric temperature of 87.50 F. on the effective
temperature scale, i.e. performance deterioration
became statistically definite when the wet bulb reading
was 850 F. and the dry bulb was 950 F. with an air
velocity of 100 feet per minute. In the First Report
of the Habitability Mission to the Eastern Fleet,
Surgeon Lieutenant-Commander F. P. Ellis, O.B.E.,
R.N., noted thatthe majority ofthe wireless telegraphy
ratings in the Eastern Fleet had to work at effective
temperatures which were higher than 840 F., and
also that the conditions were known to be even
more severe during prolonged spells at action
stations (Ellis, 1946).

3. Hot and moist atmospheres raised the rectal
143M
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temperatures of men recording wireless telegraphy
messages.

4. Though the rectal temperature was remarkably
sensitive to the effects of heat and high humidity, it
did not give even an approximate idea of the effects
of hot and humid atmospheres on the accuracy of
work at W.T. reception.

5. Raised body temperature did not therefore
cause deterioration in ability at W.T. reception,
within the range of the atmospheric conditions
encountered by ratings in the Eastern Fleet.

Procedure
Experienced Subjects
The general experimental arrangements are as

described in Appendix III. The experimental subjects
were eleven physically fit volunteers whose ages
ranged between 18 years and 34 years as in Appendix
I. Their previous experience varied considerably:
eight of the operators were ex-overseas R.A.F.
personnel, all of whom had just returned from 3
years' W.T. operating abroad-Subject No. 1 had
been in Ceylon; No. 2 in Aden; Nos. 3, 4, 5, 7 and
10 in the Middle East; and No. 11 in the Middle
East and Persia. Subject No. 6 had done 4 years'
W.T. operating in this country and Nos. 8 and 9 had
had only 1 year's W.T. experience in this country
and had not been abroad.

Further W.T. Practice
On arrival at the laboratory further extensive

practice in W.T. reception was given. The subjects
were tested in two separate groups-Group A
(Nos. 1, 2, 4, 5 and 6) and Group B (Nos. 3, 7, 8,
9, 10 and 11). Group A had 5 weeks' practice
consisting of 3 hours W.T. reception a day for
6 days a week. Group B had 7 weeks of similar
practice.

Acclimatization
Group A had previously spent 6 weeks in the

hot room as they took part in other experiments.
The majority of the exposures were between
87.50 F. and 970 F. for about three hours a day,
5 days a week. In addition to this, Group A had
a further 5 weeks in the heat before being tested,
since all their W.T. practice spells were in the hot
room. Altogether therefore Group A had had
11 weeks preliminary acclimatization before the
main W.T. test was given, and in most of the
exposures they experienced effective temperatures
of between 87.50 F. and 970 F. for about three hours
a day. Bedford (1944) has explained the use of
the effective temperature scale in a previous paper.
Group B also did their preliminary W.T. recep-

tion practice in the hot room. This consisted of
3 hours a day, 6 days a week. They were there-
fore exposed to effective temperatures which were
mostly between 87.50 F. and 97° F. during their
preliminary acclimatization spell of 7 weeks before
the main W.T. tests began.

Test Days
In the actual test, Group A worked at W.T.

reception in five different atmospheric temperatures.
On five different days the dry bulb/wet bulb readings
were either 850/750, 90°/80°, 950/850, 1000/900 or
1050/950, these temperatures being held to within
±10 F. on any particular day. As the wind
velocity was 100 feet per minute the readings on
the effective temperature scale were 790 F,, 830 F.,
87.50 F., 920 F. and 970 F. Group A experienced
these five room temperatures once on five successive
days. They had the lowest temperature on the
first day and worked up to the highest temperature
for the fifth day.
During their test Group B had the same five

room temperatures, but each temperature was
given twice on successive days, i.e. on the Monday
and Tuesday the effective temperature was 790 F.,
on Wednesday and Thursday it was 830 F., on
Friday and Saturday it was 87.50 F. On the
following Tuesday and Wednesday it was raised to
929 F. and on Thursday and Friday it was 970 F.
The test period on any one of the test days lasted

for 3 hours. Nine messages were sent in that time
and as each of these messages consisted of 250
groups just over 16 minutes was needed to transmit
each message at the speed of 22 words per minute.
About three minutes elapsed between each of the
messages.

Rectal Temperature
Rectal temperatures were taken at the beginning

and end of each of the 3-hour tests, which were
always given in the morning.

Experimental Details
The men wrote the morse messages heard on

their headphones while seated at a table and dressed
in gym shoes and tropical shorts made from a
white drill material. A sweat rag was provided
and plenty of unsalted water was available. They
all had a daily ration of 10 gm. of salt in addition
to their ordinary dietary intake.

Until the third and final check of their answer
papers (which was often a week or two after the
event) the men had no precise knowledge of their
level of accuracy on a particular day.

Results
These have been considered under three main

headings:
(1) W.T. Reception Test Scores.
(2) Rectal Temperature Readings.
(3) Relationship between W.T. Scores, Rectal

Temperatures and Atmospheric Tempera-
tures.

1. W.T. Reception Test Scores
Nature of Work. Each of the nine messages

given on any 3-hour test day consisted of 250 groups
of five character 'syko' (random mixed letters and
numbers). In other words, each message trans-
scribed in 16 minutes consisted of 1250 symbols,
two-thirds of which were -letters and one-third
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EFFECTS OF HEAT ON WIRELESS OPERATORS

FIG. 1.-Test in pro

numbers. This must be one of the quickest forms
of work that men are called on to do; W.T. recep-

tion in this form might well be regarded as a

supreme example of high-speed work since each
man dealt with 3750 letters or numbers per hour.

Accuracy Criterion. Any letters or figures missing
or found to be wrong on the written answer sheets
were regarded as mistakes, and the number of these
errors was taken as an index of the proficiency of
the individual because the work was done at a fixed
speed. A further point was that in calculating the
average levels of accuracy attained by all the eleven
subjects taken together, it seemed desirable, since
Group A subjects were tested only once at each
room temperature, and Group B men were tested
on two occasions at each room temperature, to
average the scores obtained on the two days by
Group B so that these men should not have an

undue influence on the average readings of all the
subjects.

Average Scores obtained from the Arithmetic
Means. Taking all the subjects together the
average number of errors made per subject per
hour showed that there was a definite increase in
the number of mistakes at the higher atmospheric
temperatures.
A statistical test of the significance of difference

between proportions showed that the slight differ-
ence between the average W.T. error score at

gress inside hot room.

AVERAGE NUMBER OF MISTAKES PER HOUR PER
SUBJECT-ARITHMETIC MEANS

Dry bulb/Wet bulb 85°/75° 90°/80° 95°/85° 100°/90° 105°/95°
room temperature (79° ET) (830 ET) (87-5°ET (920 ET) (97° ET)

Average number of
mistakes per sub- 12-0 11-5 15-3 17-3 94-7
ject per hour. errors errors errors errors errors

850/750 (790 ET) and that at 90°/800 (830 ET) was
due to chance variations in the experiment, the
ratio of the difference to its standard error was
0-8. 'hen the room temperature was raised to
95°/850 (87.50 ET) there was a statistically definite
fall in accuracy compared with performance in the
room temperatures of either 850/750 (790 ET) or
900/800 (830 ET), the critical ratios here being 5*7
and 4-4 respectively.
The question then arose whether it was

desirable to consider all the subjects together in
view of the large differences in operating ability
even within this group of men, most of whom were
highly trained. The subjects were therefore arranged
in rank of order of ability on the basis of their
performance at the two lowest temperatures,
790 ET and 830 ET. The best three men were
classed as being 'exceptionally skilled', the next
five as 'very good ' and the last three as ' com-
petent', these being entirely arbitrary terms.
A study was then made of the average number of

...

f'e.

.....
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mistakes per subject per hour for these three
categories under the various conditions of heat and
high humidity.

AVERAGE NUMBER OF MISTAKES PER SUBJECT PER
HOUR-ARITHMETIC MEANS

Room temperature
Efficiency
category 85°/75° 90°/80° 95°/85° 100°/90° 105°/950

(790 ET) (830 ET) (87-5°ET) (920 ET) (970 ET)
'Exceptionally
skilled ' group 2-9 2-7 2 5 1 9 6-2
(Subjects 1-3). errors errors errors errors errors

'Very good' group 6-2 6-6 7 9 12-0 99-8
(Subjects 4-8) errors errors errors errors errors

'Competent 'group 30 9 28-7 40 7 41-8 174-9
(Subjects 9-1 1). errors errors errors errors errors

These data have also been given in fig. 2. If one
then calculates the increase in average number of
errors per subject per hour by subtracting the
average error score made at 85°/75° from the.
number of mistakes at the higher temperatures the
following table is obtained:
ADDITIONAL NUMBER OF MISTAKES PER SUBJECT PER
HOUR WHEN PERFORMANCE AT 85°/75° IS TAKEN

AS THE GROUP STANDARD

Room temperature
Efficiency
category 90°/80° 95°/85° 1000/900 1050/950

(830 ET) (87.50 ET) (92° ET) (970 ET)

'Exceptionally
skilled ' group -0-2 -0-4 -1-0 +3-3
(Subjects 1-3). errors errors errors errors

'Very good' group +-04 +1-7 +5-8 +93-6
(Subjects 4-8). errors errors errors errors

'Competent' group -2-2 +9-8 + 10-9 + 144-0
(Subjects 9-11). errors errors errors errors

In other words, the level of operating efficiency
attained by the subjects determines the extent of
their work deterioration at a given atmospheric
temperature.

Average Scores obtained from Median Readings
To ensure, therefore, that too much emphasis

was not being placed on the performance deteriora-
tion of men at the less efficient end of the scale, it
seemed necessary to estimate the average error
scores by the median readings. This estimate of
the average is obtalned by arranging the group of
scores concerned in order of merit, and then taking
the central observation of this rank order (or the
average of the two central readings).
AVERAGE NUMBER OF MISTAKES PER SUBJECT PER

MESSAGE-MEDIAN READINGS

Room temperature
Efficiency
category 850/750 900/800 95°/85° 1000/900 1050/950

(790 ET) (830 ET) (87-50 ET) (920 ET) (970 ET)
'Exceptionally 0.5 0.0 0-0 0-5 1-0
skilled ' group. errors errors errors errors errors

'Very good' 1-5 1-5 2-0 2-0 4-5
group. errors errors errors errors errors

'Competent' 5-0 7 5 8-0 10-5 9 0
group. errors errors errors errors errors
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FIG. 2.

Since three messages were dealt with in an hour
these readings were multiplied by three to give the
average number of mistakes per subject per hour.

AVERAGE NUMBER OF MISTAKES PER SUBJECT
PER HOUR-MEDIAN READINGS

Room temperature
Efficiency
category 850/750 900/80- 95°/85° 1000/900 1050/950

(790 ET) (830 ET) (87-50 ET) (920 ET) (970 ET)
'Exceptionally 1-5 0.0 0-0 1-5 3 0
skilled' group. errors errors errors errors errors

'Very good' 4-5 4-5 6.0 6-0 13-5
group. errors errors errors errors errors

'Competent' 15-0 22-5 24-0 31-5 27 0
group. errors errors errors errors errors

Incidence of Faulty Messages
A third way of analysing the results was to count

the number of written messages falling below a

given standard at each of the five atmospheric
temperatures. Altogether 99 of these messages
were available for each room temperature since
each of the eleven subjects provided nine of these
messages per room temperature. The eighteen
answer messages from each member of Group B
were averaged to give nine representative scores
per subject per room temperature.
Each message consisted of 250 five-symbol groups
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EFFECTS OF HEAT ON WIRELESS OPERATORS
Statistical Analysis ' on pp. 231-34. The equation
for the theoretical curve shown in fig. 3 was

log Y= 1 *10768 +0 09568x.
It was most interesting that previous research

-< with the heavy pursuitmeter gave the same general
formula for deterioration in the heat. With this
entirely different form of work in which the task

-102 was to move a heavy lever with precision, the
formula was log Y=co+clx when co and cl were

constants, x room temperature and Y the incidence
of unsuccessful attempts.
With this theoretical curve it was possible to

have a second estimate of the temperature at which
W.T. reception was significantly worse proportion-

-20, ally than that obtained at 850/750, which was
regarded as the lowest practicable temperature for
work spaces in the tropics. For this purpose the
ordinary formula for the significance of difference

.15% between proportions was used,

L.e, Standard er'ror = pq + I)
INCREASED FAILURE RATE N N2
WITH HIGHER ATMOSPHERIC A rise from 15-97 per cent. failures (the calculated
TEMPERAT RE incidence at 850/750) to 27-68 per cent. failures was

needed for a statistically definite worsening of per-

T-X0ticatcarve 5Z formance (p=0-05). This appeared to be a way of
analysing the data which was rather less sensitive
to the effects of heat and high humidity than the

83 ET 97 5°ET 92° ET 97 ET previous statistical technique because this placed
90/80 95/85 100/90 lo5/9 the critical level at which W.T. reception definitely
)0 M TEM PERATURE began to fall off at 900 F. on the effective tempera-

FIG. 3. ture scale.

and any such message with five symbols wrong or
missing (either letters or numbers) was regarded as
faulty. As there were 99 messages available for
each room temperature, this number very nearly
represents the percentage incidence of faulty
messages. These results are also shown in fig. 3.

Room temperature
Dry bulb/Wet bulb

effective temp. 85°/75° 90°/800 950/850 1000/900 1050/950

(790 ET) (830 ET) (87 5° ET) (920 ET) (97° ET)

Incidence of faulty
messages (more 18°/ 18% 22% 33% 40%
than five mistakes (18/99) (18/99) (22/99) (33!99) (40/99)
per message).

The observed data suggested that deterioration
as measured by the incidence of faulty messages
bore a logarithmic relation to atmospheric tempera-
ture changes. This was tested by fitting a curve of
the general formula

log Y=cO+c1x
where co and cl were constants, x room tempera-
ture and Y the incidence of faulty messages. These
constants were calculated from the observed data
by the usual methods. The goodness of fit of the
theoretically constructed curve to the observed
data was examined by the analysis of variance and
found to be highly satisfactory. The actual technique
employed is described in Goulden's 'Methods of

Absence of Day-to-Day Cumulative Effects
It might have been thought that since the tempera-

ture conditions were given in order of increasing
severity the falling off in W.T. performance could
have been attributed to some psychological changes
accumulating from day to day. If that had been
so, then the week-end break allowed Group B
between the temperatures of 95°/85° and 1000/900
might. have been expected to have abolished these
cumulative effects, whereas, in fact, all these six
men deteriorated after the break when faced with
an effective temperature of 92° F. instead of 87.5° F.

Similarly, if cumulative effects had been marked,
it might have been expected that the number of
errors would have been higher the second day a
particular room temperature was given. In fact,
the subjects invariably did rather better on the
second day of a particular room temperature. This
was true of all the temperatures given (see Ap-
pendix I). Between effective temperatures of 79°-
920 the average error score on the second day was
usually about five-sixths of the score on the first
day. With the highest atmospheric temperature
of all, this slight but definite effect became even
more marked. In other words, there was no
evidence that the effects obtained were accumulating
serially from day to day.

It is difficult to explain this improvement on the
second day of a particular room temperature. It
was not a simple learning or practice effect because
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in addition to their extensive previous W.T. experi-
ence, the men in Group B were given about half a
million letters and numbers before the main tests.
Similarly, as all this training over a period of
7 weeks was given in the hot room, it seems un-
likely that the subjects were still becoming more
used to working in the heat. Lack of physiological
acclimatization can also be excluded for the same
reason, and also because this improvement on the
second day of a particular room temperature was
found at the quite tnoderate effective temperature
of 790 F.

Effects of Long Watch Periods
A striking change was the rise in the number of

errors within the 3-hour test period. The following
table gives the average errors per man per hour (as
estimated by arithmetic means) when each of the
3 hours of the test spell was considered in turn.

AVERAGE NUMBER OF ERRORS PER SUBJECT
PER HOUR-ARITHMETIC MEANS

Room temperature

85°/75° 90°/80° 95°/85 100°/90 105°/95°
(79° ET) (83° ET) (87-5° ET) (92° ET) (97° ET)

1st hour .. .. 52 50 6-6 79 68-5
errors errors errors errors errors

2nd hour .. 11-2 11-4 13-0 15-2 32-9
errors errors errors errors errors

3rd hour .. 19-7 18-3 26-4 29-1 182-4
errors errors errors errors errors

It was interesting to see whether this form of
deterioration was related to the level of W.T.
operating efficiency.

AVERAGE NUMBER OF ERRORS PER SUBJECT
PER HOUR-ARITHMETIC MEANS

Room temperature
Efficiency__

category 85°/75° 90°/80° 95°/85° 100°/900 1050/950
(79° ET) (830 ET) (87 5° ET) (92° ET) (970 ET)

1st 1 3 0 7 2-2 0-8 3-3
hour errors errors errors errors errors

'Excep-
tionally 2nd 2-5 2-5 1 5 2-8 5 8
skilled ' hour errors errors errors errors errors
group.

3rd 5 0 4-8 3-8 2-0 9 3
hour errors errors errors errors errors

1st 2-3 2-9 3-1 4-2 14-6
hour errors errors errors errors errors

good
' 2nd 4-9 4-8 6-2 12-4 10-4
group. hour errors errors errors errors errors

3rd 11-3 12-2 14 4 19-3 274-0
hour errors errors errors errors errors

1st 13-8 12-7 17-0 21-0 223-7
hour errors errors errors errors errors

'Compe- 2nd 30 5 31-3 36-0 32-2 97 5
tentg' hour errors errors errors errors errors
group.

3rd 48-3 42-0 69 0 72 5 2020
hour errors errors errors errors errors

It will perhaps be more obvious from fig. 4 that
with all three categories of operators there is a
steady increase in errors as time passes during a
3-hour watch. The following table shows that the
extent of this increase in errors is relatively greater
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FIG. 4.

with the operators of average ability than with the
exceptionally skilled men. The figures give the
additional number of mistakes in the last hour of
the test compared with the first hour for each
efficiency category at each room temperature.

ADDITIONAL NUMBER OF MISTAKES PER SUBJECT PER
HOUR IN THIRD HOUR OF WATCH COMPARED WITH
FIRST HOUR

Room temperature
Efficiency
category 85°/75° 90°/80° 95-/9,5' 100°/90° 105°/95°

(79° ET) (83? ET) (87 5° ET) (92° ET) (97° ET)

'Exceptionally +3-7 +4-1 +1 6 +1-2 +6-0
skilled ' men. errors errors errors errors errors

'Very good' +9 0 +9 3 +11-3 +15 1 +259-4
men. errors errors errors errors errors

'Competent' + 34-5 + 29-3 +52-0 +51-5 -21-7
men. errors errors errors errors errors

It is interesting that the only exception to this
increase in errors during the watch arose when the
less efficient men were faced with the highest
temperature of all and did so badly during the first
hour that they could hardly have done much worse
during the rest of the test period.
There were also signs that this deterioration with

prolonged work was aggravated by having to work
in high atmospheric temperatures.
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EFFECTS OF HEAT ON WIRELESS OPERATORS
Effects of Head Colds on Prolonged W.T. Reception

On two occasions (apart from the findings already described) records were made of performance when
a subject was suffering from a severe head cold. Subject No. 2 made the following scores on one
occasion when the effective temperature was 790 F.

SUBJECT NO. 2 WITH HEAD COLD-NUMBER OF ERRORS PER MESSAGE

1st 2nd 3rd 4th 5th 6th 7th 8th 9th
message message message message message message message message message

0 0 2 4 10 19 24 39 349
errors errors errors errors errors errors errors errors errors

This is given in fig. 5 along with the four other available records previously made by No. 2 under
the same room temperature conditions when he was feeling perfectly fit and well.

SUBJECT NO. 2 WHEN HEALTHY-NUMBER OF ERRORS PER MESSAGE

1st 2nd 3rd 4th 5th 6th 7th 8th 9th
message message message message message message message message message

0 0 1 0 1 6 8 0 1
0 3 1 2 0 2 1 4 2
0 1 0 1 5 2 6 6 2
0 1 1 1 0 1 1 2 3

Ave rage Incidence

0 12 07 10 15 2-7 40 30 20
errors errors errors errors errors errors errors errors errors

Similarly, subject No. 8 under the 83° F. effective temperature conditions produced this record when
suffering from a head cold.

SUBJECT NO. 8 WITH HEAD COLD-NUMBER OF ERRORS PER MESSAGE

1st 2nd 3rd 4th 5th 6th 7th 8th 9th
message message message message message message message message message

2 5 1 2 0 64 93 106 106
errors errors errors errors errors errors errors errors errors

This was in striking contrast to seven previous or subsequent records made by No. 8 under the same
atmospheric conditions when he was quite healthy.

SUBJECT NO. 8 WHEN HEALTHY-NUMBER OF ERRORS PER MESSAGE

1st 2nd 3rd 4th 5th 6th 7th 8th 9th
message message message message message message message message message

0 2 0 1 2 0 4 9 6
4 1 3 0 3 0 2 0 0
1 2 1 5 2 1 3 4 4
1 1 1 2 1 3 1 1 2
1 5 1 1 2 5 8 109
0 1 0 3 3 1 5 30
3 3 1 11 0 4 9 5

Average Incidence

1-4 2-1 1-0 1-8 20 1-4 39 51 37
errors errors errors errors errors errors errors errors errors

There were no signs with either Subject No. 2 or No. 8 that the head cold had led to any abnormality
of the rectal temperature.

149

 on M
ay 26, 2023 by guest. P

rotected by copyright.
http://oem

.bm
j.com

/
B

r J Ind M
ed: first published as 10.1136/oem

.3.3.143 on 1 July 1946. D
ow

nloaded from
 

http://oem.bmj.com/


BRITISH JOURNAL OF INDUSTRIAL MEDICINE

349

.45

SEVERE HEAD COLD GIVING
PROGRESSIVE DETERIORATION |

.40 IN ACCURACY OF WORK

DURING THREE-HOUR W.T
RECEPTION TEST AT
EFFECTIVE TEMPERATURE OF 79OF

.35
O WGth he&cL coLd/

0 0. Four coi-troL runrs.s

.303 from same rnarvi.
-c at sam.e roormi.
e temperature

.25 1

a--
.20

IL
.15 0

CD

.10 z

0

.5 o
0~~~~

0~~~~~~~~O
00 ° 0 co

45,

44

25

10

.15

0

15T i"- 3Re 4TH 5Tr 6Th 7" ST" 91N
MESAOE MESSA4E M ESSA GEME SSAG% MG&SAGE MASA iESA4E WSSW

THREE HOUR TEST PEAIOD

FIG. 5.

2. Rectal Temperatures
Rectal temperature readings are available from

each of these eleven men for each of the room
temperatures. On two separate days for each
room temperature the rectal temperature was
measured before the W.T. reception test and then
again 3 hours later at the end of the test. These
readings are given in Appendix II.
The average rectal temperatures for the whole

group of subjects when measured at the end of the
W.T. test were clearly related to the room tempera-
ture and this finding is shown in fig. 6.

AVERAGE RECTAL TEMPERATURE AT END OF
TEST SPELL

Room 850/750 900/800 950/850 1000/90° 1050/95°
temperature (79° ET) (83° ET) (87-5° ET) (92° ET) (970 ET)

Average rectal
temperatures at 98 45° 98-770 99.020 99 58° 100-490
epd of test spell.

It will be seen that a rise in room temperature
from 85°/75° to 900/800 gives a rise of about a third
of a degree in the body temperature. This is a
statistically significant difference as t=4 2 and the
odds are therefore less than 1 in 100 that this is a
chance finding. Similarly there is a further quarter

degree rise in body temperature when the room

temperature is raised from 900/800 to 950/85°.
Thereafter the body temperature goes up rather
more steeply because the increase in room tempera-
ture between 950/850 and 1000/900 leads to a half

degree rise, whereas the change between 1000/900
and 1050/950 gives a jump of one whole degree in

the average body temperature.
Another method of analysing these findings was

to calculate the rise or fall in the body temperature
for each individual at each room temperature. In
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the 22 pairs of observations given in Appendix II
for each room temperature the reading taken before
the W.T. test was subtracted from the reading
taken after the test (see fig. 7). A note was made
of the number of times that the final body tempera-
ture was higher than the initial body temperature
and the findings are given in the following table:

PROPORTION OF GROUP SHOWING RISE IN
RECTAL TEMPERATURE DURING W.T. TEST

Room 85°/75° 90°/80° 95°/85° 100°/90° 105°/95°
temperature (79° ET) (830 ET) (87 5° ET) (92° ET) (97° ET)

Incidence of rise
in rectal tem- 13 6% 40-9% 54 5% 72-7% 100-0%
perature during (3/22) (9/22) (12/22) (16/22) (22/22)
W.T. test.
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EFFECTS OF HEAT ON WIRELESS OPERATORS

Similarly, at the various room temperatures the
average difference in any temperature between the
beginning and end of the test spell was:

Room 85°/75° 90'/80° 95-/85' 1000/900 105'/95°
temperature (790 ET) (83' ET) (87-5' ET) (920 ET) (97' ET)

Average difference
in rectal tempera- -0-28°F -0-15F +0-14°F +0 72F +1-47°F
ture during test
spell.

3. Relationship between W.T. Errors, Rectal Tem-
peratures and Atmospheric Temperature

Three kinds of observations have been made-
physical, physiological and psychological. As both
room temperatures and rectal temperatures can be
measured much more readily than most types of
human performance, it is of great interest to break
down the relationship existing between these three
sets of observations to see whether in fact it would
have been sufficient to rely simply on the rectal
temperatures alone to give an estimate of W.T.
reception efficiency at various room temperatures.
At first this looks a promising approach, because

if one takes only the average readings, an association
is apparently found between the three sets of
readings.

Room temperature 85°/75° 900/80' 95'/85° 100°/90° 1050/950
(Dry/wet bulb) (79' ET) (83' ET) (87-5' ET) (92' ET) (970 ET)

Average rectal
temperature at 98-450 98-770 99 020 99 580 100 49'
end of W.T. test.

Average number
of W.T. errors 12-0 11-5 15-3 17-3 947
per man per hour. errors errors errors errors errors

Hypothesis that raised Rectal Temperature causes
W.T. Performance Deterioration

It is often assumed that if the body temperature
is raised the working ability of the sedentary worker
is bound to deteriorate and that raised rectal
temperature will cause a falling off in working
efficiency. What evidence is there for this assump-
tion? When two factors appear to be closely
associated, there is not necessarily a causal relation-
ship between them since there may well be a third
factor jointly influencing both factors. By analogy,
a number of trees may be waving to and fro while
some clouds speed across the sky, but few would
suggest that the trees are brushing the clouds along.

Relationship between Body Temperature and W.T
Performance when the Atmospheric Tempera-
ture Factor was held Constant

It was therefore necessary to study the relation-
ship between rectal temperature and W.T. per-
formance with the effect of the third factor of
atmospheric temperature removed. All the observa-
tions made at a particular room temperature were
divided into above average or below average for
final rectal temperature and for W.T. reception
errors. In other words, at any one room tempera-
ture each of the 17 attempts was placed into one of
four categories depending on whether the rectal
temperature was above or below average (rectal
temperature + or -) and also on whether the
number of W.T. errors was above or below average
(W.T. errors + or -). The average used was
always the median reading for the observations
made at a particular room temperature. This en-
sured that the influence of this third factor, the
room temperature, was being statistically removed.
If it is true that raised rectal temperature causes
W.T. errors, then one might still expect that the
men with rectal temperatures above the average for
the group would have also been those with more
than the average number of W.T. errors, i.e. that
the proportion of attempts in the square marked
(x) would have been relatively high.

(x)
+W.T. errors +W.T. errors
-Rectal temp. +Rectal temp.

-W.T. errors -W.T. errors
-Rectal temp. +Rectal temp.

The results of this analysis at each of the room
temperatures taken in turn were as shown at foot of
page.

(The 4 and i readings arose from observations
which themselves formed the average readings.)
When all these five sets were lumped together the

results were:

+ W.T. errors +W.T. errors
-Rectal temp. +Rectal temp.
(28-5 per cent.) 241 181 (21-5 per cent.)

(22-0 per cent.) 484 234 (28-0 per cent.)
-W.T. errors -W.T. errors
-Rectal remp. +Rectal temp.

Room Temperature

85°/750 90°/80° 95°/85° 1000/900 105°/95°(790 ET) (83° ET) (87-5° ET) (92° ET) (970 ET)

+ W.T. +W.T.
-R.T. +R.T. 3 1 54- 5 34- 54- 3 6 2 - 44- 4

-W.T. -W.T. 334 43 4 - 4 3 5 3 51- 4 -, 4
-R.T. +R.T.
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In the five sets of data taken from each of the
room temperatures separately the chi-square read-
ings were not significant-and for the combined
data the chi-square was 1-4. In fact there was no
relationship between rectal temperature and W.T.
performance-once the influence of the third factor
of atmospheric temperature had been removed.
Consequently a rise in body temperature does not
cause a rise in the number of W.T. errors.

Rectal Temperature Rise without Deterioration in
W.T. Reception

Further evidence that a rise in rectal temperature
does not lead to deterioration in W.T. reception
efficiency is found in the following point. It will
be remembered that on comparing. average rectal
temperature at a room temperature of 85°/750 with
that obtained at 90°/80° there was a slight but
definite rise. But there was no significant difference
in the average accuracy of W.T. reception at the
two room temperatures.

Hypothesis that Raised Rectal Temperature can
predict W.T. Deterioration

A less ambitious version of the now discredited
hypothesis given above might be to state that
though a raised rectal temperature does not cause
W.T. deterioration, nevertheless rectal temperature
is probably a rough index of W.T. efficiency because
apparently rectal temperature and the incidence of
W.T. errors both depend on the third factor of
atmospheric temperature.

Average W.T. Performance at Various Rectal Tem-
peratures

To test this hypothesis, all the available body
temperature readings taken at the end of the test
spell were grouped into categories determined by
class intervals of half a degree. Then the corre-
sponding W.T. error scores were totalled and
averaged for each of these different levels of rectal
temperature as shown at foot of the page.

Only when the body temperature rose to 100.50-
101.10 was there any sign of a relationship between
the two factors of rectal temperature and W.T.
reception efficiency.

Individual Comparisons between W.T. Reception
Efficiency and Rectal Temperature

It is possible that these average results were
hiding complex relationships between the two
factors; it seemed necessary therefore to consider
the 85 individual instances in which the final rectal
temperature for a subject could be plotted against
the number of W.T. errors he made per hour (see
fig. 8).. Here again there were no signs of an asso-

ciation between individual performance at W.T.
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reception and rectal temperature except with the
rectal temperatures above 100.50 F. which without
exception were obtained in the 105°/95° room
temperature, i.e. atmospheric conditions which
were more severe than those found in the Eastern
Fleet (Ellis, 1946).

Reasons for Failure of Individual Body Temperature
and W.T. Performance to correlate once effects
of Atmospheric Temperature have been removed

The reasons for this failure of the body tempera-
ture to give even a rough index of possible W.T.
performance are clearly the following facts:

(a) Quite apart from the effects of heat, different
people have entirely different levels of ability at
W.T. reception-and these are not related to body
temperature.
To be sure that these individual differences in

ability at W.T. reception were not the sole reason
for the lack of correlation, a comparison was made
between final rectal temperature and the difference
between the number of W.T. errors made during
the first hour of the test spell and the last hour.

Rectal temperature category | 98.00 F. 98.50 F. 99.00 F. 99.50 F. 100.00 F. 100-50F.
-98-40 F. -98-90 F. -99-40 F. -99-90 F. -100-40 F. -101-10 F.

Average number of mistakes
per message (median read- 1-0 2-0 1.0 2-0 1-5 5*0
ings). errors errors errors errors errors errors
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EFFECTS OF HEAT ON WIRELESS OPERATORS

There was no great improvement on the correlation
shown in fig. 8.

(b) The extent of any deterioration in W.T. per-
formance under conditions of heat and high
humidity is partly determined by the level of
proficiency of the operator.

(c) Progressive deterioration during the test spell
arising from prolonged work at W.T. reception
cannot be measured by body temperature. A glance
at fig. 4 and fig. 7 shows that during the
W.T. test given at a room temperature of 850/750
the rectal temperature of most of the subjects was
either falling or quite unchanged while the W.T.
errors were usually increasing.

(d) Individual differences in rectal temperature
can be quite marked even among healthy men,
e.g. subject No. 6 often had a rectal temperature of
about 1000 F. under normal circumstances. When,
however, the rise or fall in rectal temperature was
substituted for the absolute reading at the end of
the test, no appreciable improvement was noted in
the degree of association between the two variables.
This was true whether the W.T. reception scores
were considered as the average error score during
the whole 3 hours, the rise or fall in W.T. errors
during test spell or the W.T. errors made in the
last hour. These results do not agree with those
of Kleitman (1939) who noted a tendency towards
deterioration in reaction time with a fall [sic] of
even a fraction of a degree in mouth temperature.

Conclusions
1. When the room temperature was raised to

dry bulb/wet bulb readings of 95°/85° there was a
statistically definite fall in accuracy of W.T. recep-
tion compared with performance at room tempera-
tures of either 85°/75° or 900/800. Since -the air
velocity was 100 feet per minute, this means that
effective temperatures of 790 F. to 83° F. were
undoubtedly leading to better W. T. reception than
an effective temperatutre of 87.50 F. In the First
Report of the Habitability Mission to the Eastern
Fleet it was noted that the majority of W.T. ratings
in the Eastern Fleet had to work at effective tem-
peratures which were above 84° F. and in prolonged
action the conditions were even more severe.

2. On an entirely different form of work in which
the task was to move a heavy lever with precision
the critical point on the room temperature scale
also lay between the effective temperatures of 830 F.
and 87.50 F. The average number of W.T. mistakes
proved to be a more sensitive measure than the
incidence of faulty W.T. messages.

3. Though all the men tested were sufficiently
experienced at W.T. reception to have been in
important operational positions, the exceptionally
able members of the group were less affected by the
harassing atmospheric conditions than men regarded
as very good operators. Similarly, men of ordinary
ability showed the greatest deterioration of all. In
other words the better men stood up more easily
to the difficult conditions.

4. The deterioration as measured by the number

of faulty W.T. messages bore a logarithmic relation-
ship to the atmospheric temperature changes. The
curve had the general formula

log Y=c0+c1x
when c0 and cl were constants, x room temperature
and Y the proportion of failures. The same general
formula also applied when the nature of the task
was quite different, and consisted simply of moving
a heavy lever with speed and precision.

5. There were no signs of psychological effects
accumulating serially from day to day; in fact the
men were usually rather better at the W.T. test on
the second day of a particular room temperature.
It is not clear exactly why that happened.

6. The average number of W.T. errors per man
per hour usually rose considerably and progressively
within the 3-hour watch period. In general, twice
as many errors were made in the second hour and
three or four times as many during the third hour.
Here again, however, the deterioration was more
marked in operators of average ability than in the
exceptionally skilled.

7. Severe head colds greatly increased this falling-
off during the 3-hour spell. It seems likely that
this was due to the accompanying discomfort rather
than to any temporary deafness, since the men began
their work with perfect or almost perfect accuracy.

8. Rectal temperature responded readily to
changes in the atmospheric temperature and was in
fact a most sensitive measure of atmospheric con-
ditions.

9. Rectal temperature failed, however, to estimate
the psychological effects of these atmospheric con-
ditions.

10. There seem to be five reasons why rectal
temperature did not predict the effects of hot and
humid atmospheres on accuracy of W.T. reception.

(i) Even trained men differed considerably among
themselves in their W.T. reception ability.

(ii) The extent of their deterioration in accuracy
in the heat also varied from one man to another, the
better operators stood up more easily to the heat.

(iii) The extent of the loss of accuracy arising
from prolonged spells of W.T. reception was also
partly determined by the level of operating ability.

(iv) Persistent individual differences in rectal
temperature were found in different people. During
the day the normal rectal temperature may also vary
by as much as 10 F.

(v) Various attempts to deal statistically with
these causes of dissociation between the two vari-
ables showed that the main reason for the lack of
correlation between rectal temperature and W.T.
performance score was simply that raising the
temperature of the body did not lead to deterioration
in W.T. performance until rectal temperatures of
100-50 F. were obtained. Only in 8 per cent. of the
observations were rectal temperatures as high as this
obtained at the end of the W.T. test and all these were
found at the worst room temperature of all, a dry
bulb/wet bulb reading of 105/95, which was even more
severe than the atmospheric conditions encountered
by W.T. operators in the Eastern Fleet.
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APPENDIX I

DATA FROM W.T. RECEPTION TESTS

TABLE 1

ATMOSPHERIC TEMPERATURE AT 850/750 (EFFECTIVE TEMPERATURE 790 F.)

Number of Average Average Average
Subject's index number, mistakes per Total number number of number of number of
efficiency category and hour of mistakes in mistakes per mistakes per mistakes per
length of previous W.T. 850/750 for hour in 85°/ hour in 85°/ hour in 85°/

experience each test 75° for each 750 for each 750 for each
e1st 2nd 3rd test subject efficiency

hour hour hour category

'Exceptionally skilled'
group-

Subject 1 (25: 3 years 3 1 1 5 1-7 1-7
W.T.).

Subject 2 (29: 3 years 1 2 1 4 1-3 1-3
W.T.).

Subject 3 (23: 3 years 0 4 17 21 7 0 5-8
W.T.). 0 5 9 14 4-7 2-9

'Very good' group-
Subject 4 (31: 3 years 1 0 8 9 3 0 3 0

W.T.).

Subject 5 (34: 3 years 5 13 12 30 10 0 10-0
W.T.).

Subject 6 (23: 4 years 2 0 11 13 4-3 4-3
W.T.).

Subject 7 (32: 3 years 1 7 9 17 5-7 4.5
W.T.). 2 2 6 10 3-3

Subject 8 (19: 1 year 3 9 27 39 13-0 9 0
W.T.). 1 5 9 15 5 0 6-2

'Competent' group-
Subject 9 (18: 1 year 6 11 30 47 15-7 12-0

W.T.). 1 8 16 25 8-3

Subject 10 (29: 3 years 5 7 38 50 16-7 14-5
W.T.). 1 12 24 37 12-3

Subject 11 (26: 3 years 33 69 94 196 65-3 66-2
W.T.). 37 76 88 201 67 0 30 9
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EFFECTS OF HEAT ON WIRELESS OPERATORS

APPENDIX I (continued)

TABLE 2

ATMOSPHERIC TEMPERATURE AT 900/800 (EFFECTIVE TEMPERATURE 830 F.)

155

Number of mistakes Average number
per hour Total number of Average number Average number of mistakes per

Subject's index number and mistakes in 90°/ per hour in 90°/ per hour in 90°/80° hour in 90°/80°
efficiency category 800 for each test 800 for each test for each subject for each efficiency

1st hour 2nd hour 3rd hour category

'Exceptionally skilled' group-
Subject I 0 0 2 2 0 7 0 7

Subject 2 0 4 7 11 3-7 3-7

Subject 3 0 5 7 12 4-0 3-7

4 2 4 10 3-3 2-7

'Very good' group-
Subject 4 3 1 17 21 7-0 7-0

Subject 5 0 1 6 7 2-3 2-3

Subject 6 4 11 10 25 8-3 8-3

Subject 7 5 10 19 34 11-3 9.3
0 6 16 22 7-3

Subject 8 2 3 19 24 8-0 6-1
8 3 2 13 4-3 6-6

'Competent' group-
Subject 9 7 23 12 42 14-0 12-3

6 6 20 32 10-7

Subject 10.0 7 42 49 16-3 16-1
5 21 22 48 16-0

Subject11. 38 64 91 193 64-3 57-5
20 67 65 152 50.7 28.7

TABLE 3

ATMOSPHERIC TEMPERATURE AT 95°/85° (EFFECTIVE TEMPERATURE 87.50 F.)

Number of mistakes
per hour Total number of Average number Average number Average number

Subject's index number and mistakes in 95°/ of mistakes per of mistakes per of mistakes per
efficiency category 850 for each test hour in 95°/ hour in 950/85° hour in 95°/85°

850 for each test for each subject for each efficiency
1st hour 2nd hour 3rd hour category

'Exceptionally skilled' group-
Subject I.0 0 4 4 1-3 1-3

Subject 2.1 0 0 1 0 3 0-3

Subject 3.6 5 14 25 8-3 5-8
5 4 1 10 3-3 2 5

'Very good' group-
Subject 4 1 10 35 46 15-3 15-3

Subject 5 8 2 8 18 6-0 6-0

Subject 6 0 0 7 7 2-3 2-3

Subject 7 2 10 5 17 5-7 8-0
2 12 17 31 10-3

Subject 8 2 2 11 15 5-0 7-8
7 14 11 32 10-7 7.9

'Competent' group-
Subject 9 9 5 18 32 10-7 13 3

12 14 22 48 16-0

Subject 10.6 28 142 176 58-7 38-2
5 17 31 53 17-7

Subject11. 29 83 109 221 73-7 70-5
41 69 92 202 67-3 40-7
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APPENDIX I (continued)

TABLE 4

ATMOSPHERIC TEMPERATURE AT 1000/90° (EFFECTIVE TEMPERATURE 920 F.)

Number of mistakes Average number
per hour Total number of Average number Average number of mistakes per

Subject's index number, efficiency mistakes in 100°/ of mistakes per of mistakex per hour in 105°/95°
category and length of previous 900 for each test hour in 1007/ hour in 100°/90° for each efficiency

W.T. experience 1st 2nd 3rd 900 for each test for each subject category
hour hour hour

'Exceptionally skilled' group-
SubjectI.0 2 0 2 0-7 0.7

Subject 2 0 4 2 6 2-0 2-0

Subject 3 2 3 6 11 3-7 3 0
3 2 2 7 2-3 19

Very good' group-
Subject 4 10 28 12 50 16-7 17-6

Subject 5 4 9 24 37 12-3 12-3

Subject 6 2 1 0 3 10 10

Subject 7 1 15 36 52 17-3 18-0
3 22 31 56 18-7

Subject 8 1 5 28 34 11-3 11-8
5 6 26 37 12-3 12-0

'Competent' group-
Subject 9 9 21 34 64 21-3 17-3

5 6 29 40 13-3

Subject 10.5 5 86 96 32-0 33-6
22 19 65 106 35-3

Subject 11 .53 76 120 249 83-0 74-6
32 66 101 199 66-3 41-8

TABLE 5

ATMOSPHERIC TEMPERATURE AT 105°/95° (EFFECTIVE TEMPERATURE 970 F.)

Number of mistakes Average number
per hour Total number of Average number Average number of mistakes per

Subject's index number, efficiency mistakes in 105°/ of mistakes per of mistakes per hour in 105°/95°
category and length of previous 95° for each test hour in 1050/ hour in 1050/950 for each efficiency

W.T. experience 1st 2nd 3rd 95° for each test for each subject category
hour hour hour

'Exceptionally skilled' group-
Subject 1 3 6 18 27 9 0 9 0

Subject 2 5 7 3 15 5-0 5-0

Subject 3 2 7 7 16 53 4-5
2 2 7 1 1 3.7 6-2

Very good' group-
Subject 4 37 16 59 112 37-3 37-3

Subject 5 13 10 21 44 14-7 14-7

Subject 6 14 6 6 26 8-7 8 7

Subject 7 9 10 34 53 17-7 11-5
5 1 10 16 5-3

Subject 8 2 12 2513 2527 842-3 426-8
2 17 15 34 11-3 99-8

'Competent' group-
Subject 9 15 22 33 70 23-3 18-8

12 13 18 43 14-3

Subject 10 .14 39 176 229 76-3 254-1
12 406 878 1296 432-0

Subject11. 1266 60 76 1402 467-3 251-8
23 45 41 109 36-3 174-9
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EFFECTS OF HEAT ON WIRELESS OPERATORS
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APPENDIX III

DESCRIPTION OF EXPERIMENTAL ARRANGEMENTS

Forty-five different messages were prepared from
a standard series of training drills. Each message
was composed of 250 groups of five-character syko,
i.e. random mixed letters and numbers in the pro-
portion of 2: 1. An example of the nature of the
material would be ..... J49Y4 B8C9M 126T6
B7LUB FOW52. A standard preamble (vvvvvvvvvv
GFXvGFZ NRXIA GR250) preceded each message.
Each message was punched on a long paper tape

by means of a Creed perforating machine, this being
done to avoid errors in the transmitted message
and to ensure constant transmission speed. At the
appropriate time this tape was fed through a G.N.T.
Wheatstone Transmitter Model 112 (A.M. lOG/
2383) the speed of which was controlled at 22 words
per minute by a G.N.T. Speed Regulator Model
2042, A.M. 1OG/3242 (see fig. 9). The holes
punched in the moving paper tape produced a

series of electrical contacts which were converted
into auditory morse by a Type No. 2 Valve Buzzer
(A.M. 1OA/10158), the note selector of which was
set at position 3 to give a 1000 cycle sound. The
whole of this transmitting apparatus was installed
outside the hot room for convenience of operation;
the output leads from the valve buzzer were taken
to a terminal block inside the room.
The subjects were given a definite position at the

table in the room (see fig. 1) and kept this place for
every test. Their headphones were clearly labelled
to ensure that each man always used his own pair.
The volume in the headphones was constant and
has been estimated at 50-60 phons.
Each written answer sheet was checked three

times, twice by W.T. operators other than the
subject, the third and final check being made by
the subject himself.

W.T. TRANSMITTING APP-ARATUS

29 ~REGiULATO1F

L~~~~~~~~~~~~~r
-42 PAP

TAD,-E

FIG. 9
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