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Effects of thermal stress on human performance
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ENANDER AE. Effects of thermal stress on human performance. Scand J Work Environ Health
1989;15(suppll):27-33. Experimental evidence indicates that even relatively mild thermal stress may af­
fect human performance. Tasks requiring manual dexterity and muscular strength are clearly impaired
by cold exposure, while decrements in vigilance performance and endurance are well documented effects
of heat stress. The considerable variation in results regarding the effects of thermal stress may, to some
extent, be attributable to complex interactions between exposure conditions, task characteristics, and in­
dividual factors. In the present paper the relevance of some of the earlier research work on heat and cold
stress is evaluated in the light of the practical and theoretical implications of more recent findings. Cur­
rent work regarding the nature and extent of the effects of thermal stress on more complex performance
is discussed. Attention is also focused on the significance of individual skill and training experience for
performance under unfavorable conditions.

Key terms: cold, heat, manual performance, mental performance, physiological reactions, skill, training,
vigilance.

Despite advances in technology and protective equip­
ment, people are still required to carry out a wide range
of activities under different forms of thermal stress,
often in combination with other stressors such as, eg,
noise. While the limits of endurance are seldom put
to the test in the work environment today, thermal
stress can be linked to a wide variety of unfavorable
effects, including an increase in unsafe work behavior
(1).

Performance measures have increasingly come to be
applied in evaluating the effects of environmental stress
from both physical and chemical agents (2). The sig­
nificance of effects on performance can be discussed
in a number of different terms, for example, as fac­
tors affecting productivity, as potential safety hazards,
as factors increasing the physical or subjective cost of
effort, or as indicators of a biological effect with pos­
sible longer-term consequences for health.

With a historical perspective of the research on ther­
mal stress, it is possible to discern an ebb and flow of
work around certain issues. These concentration areas
reflect a pragmatic approach to resolving questions of
practical importance in applied situations, and the the­
oretical development has held a lower profile. The un­
systematic nature of the work has also created prob­
lems in interpreting the results, a fact which has been
commented on by several reviewers (3-5). Differences
in the methodology used, the definition of thermal
stress, and performance measures have contributed to
this confusion.

Nevertheless, in more recent work it is possible to
discern a phase which might be characterized as one
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of reevaluation. There appears to be a revival of
interest in some of the stagnated issues regarding the
performance effects of thermal stress, and this revival
is providing a fresh impetus both in theoretical discus­
sions and in practical applications. One such approach
can be noted in the application of theoretical develop­
ments from adjacent fields of environmental stress re­
search. This phenomenon can be exemplified by the
current reevaluation and discussion of the arousal
theory. During one period individual differences were
mainly regarded as an unfortunate confounding fac­
tor. There now appears to be an increased interest in
these differences, particularly in relation to skill, ex­
perience, and training.

It is the purpose of this paper to discuss some of
the basic issues regarding research on performance dur­
ing exposure to thermal stress and to consider the cur­
rent view of effects of cold and heat from the perspec­
tive of more recent developments.

How are performance effects related to ther­
mal stress?

One of the basic problems in this research area is that
of establishing a relevant measure of thermal stress to
which performance effects can be related. Exposure
to thermal stress has, for example, been achieved by
means of varying air temperature, wind speeds, or
physical work or of submerging the body in cold or
warm water. The pattern of physiological reactions
differs according to the means applied and makes a
comparison of the results obtained in different studies
difficult. While an environmental stressor such as a
noise, defined in physical terms, can at least be re­
garded as an equivalent stimulus in different studies,
situations, and groups of people of normal hearing,
the same cannot be said of a certain thermal environ-
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ment. The impact of a thermal environment may, for
example, vary according to a number of individual
characteristics of the subjects, such as age, sex, fitness,
etc . Physiological measures provide a more accurate
indication of the thermal stress on the individual. Some
physical and motor performance criteria appear to be
relatively well related to physiological changes. The
temperature of the hands, for example, is clearly a
limiting factor in the performance of manual tasks in
the cold (5, 6).

It has proved more difficult to establish relationships
between physiological measures of thermal stress and
mental performance. This situation is hardly surpris­
ing, since performance on more complex cognitive
tasks is the result of an integration of ph ysiologi cal
reactions, physical and mental capabilities, and sub­
jective assessments. Thus, while it is, for example, clear
that heat stress affects the level of performance on
tasks requiring vigilance and sustained attention, the
exact nature of the effects has been difficult to ascer­
tain . Although early work indicated a pattern of decre­
ment, later studies have also demonstrated little change
(7) or even improvement (8, 9) in performance. A sur­
vey of these varied results can be found in a number
of reviews on the effects of heat (3, 10, II). In con­
trast, the effects of cold on complex mental tasks ha ve
received less attention. This lack of interest has vari­
ousl y been attributed to the fact that technology and
protective devices have rendered such effects of aca­
demic rather than practical significance or that effects
of cold may be dismissed as being negligible under less
drastic cooling conditions or possibly attributable
largely to confounding between mental and manual ef­
fects (3, 12).

Two main theoretical approaches ha ve traditional­
ly been favored to explain the effects of thermal stress
on complex performance. The classic inverted-U arous­
al theory hypothesizes an optimal level of arousal for
performance of a certain type of task. In principle, a
simple task may be facilitated by an increase in arousal,
while the optimal level of arousal is lower if the na­
ture of the task is more demanding. An environmental
stressor which is hypothesized to increase the level of
arousal could be expected to facilitate performance on ,
eg, vigilance ta sks, while cau sing decrements on more
complex tasks. However, in order to accomodate the
varied effects of stress on performance, an increasingly
elaborate interaction between indi vidual characteris­
tics, task properties, and arousal patterns has been
hypothesized (8). While thi s line of reasoning has sig­
nificantly contributed to the comprehension of the na­
ture of stress effects, in particular their ability also to
improve performance, the serious limitations of in­
discriminately using arousal explanations have recently
been pointed out by several authors leg, Bell & Greene
(3) and Hockey & Hamilton (13)].

The traditional alternative theory involves the con­
cept of the stressor as a distractor. An early hypothe­
sis (14) proposed that performance is affected nega-
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tively when attention is directed away from the ta sk
by distracting environmental stimuli. Clearly thi s the­
ory also encounters difficulties, eg, in explaining an
improvement in performance under stress.

More recently there have been developments which
may help break the circularity of the arousal­
distraction discussion. One is the increased use of more
sensitive test and analysis methods that enable research­
ers to study not only increments and decrements in one
total performance measure, but also more subtle
changes in, eg, performance stra tegy. There has also
been a shift in emphasis towards describing perfor­
mance effects in terms of patterns of bodily and cog­
nitive changes rather than in terms of unidimensional
arousal-distraction patterns. The development of thi s
approach has been extensively discussed by Hockey &
Hamilton (13) as applied to different stress states , such
as noise, monotony, etc. In this connection Ho ckey
& Hamilton point out the ambiguity of the heat stress
sta te and do not enter into any discu ssion of the pos­
sible cold stress state. It is beyond the scope of this
paper, or indeed of the status of present research
results, to fill this gap. The following brief look at
recent work doe s however indicate (i) that effects of
cold stress on complex performance, while elusive, may
not be negligible and (ii) that a more comprehensive
view of the effects of heat is emerging .

Performance during cold exposure

The general effect of cold on the performance of phys­
ical and motor tasks is one of impairment. A reduc­
tion in core body temperature and muscle temperature
generally reduces ph ysical function in a number of
ways, eg, muscle strength, duration of exercise, etc (12,
15). The specific effects of cold on the functioning of
the hands has been the subject of particular interest.
This focus reflects the widely documented problems
encountered in attempts to protect the hands from
cooling while maintaining unimpaired dexterity (16).
Early work indicated that it is the temperature of the
hands which is critical for manual performance (17,
18), although severe body cooling and shivering can
also affect the performance of some tasks (19, 20).
Considerable research has been devoted to establish­
ing the range of temperatures within which perfor­
mance remains unimpaired . Critical hand and finger
skin temperatures have been found for unimpaired tac­
tile sensitivity at 8-IO°C (21, 22) and for manual dex­
terity at skin temperatures of 12-15 °C (23, 24).

While the direct relationship between cooling of the
hands and a progressive decrement in manual perfor­
mance is well established, the actual degree of impair­
ment is subject to a number of task and cooling fac­
tors. Clearly, ta sks invol ving fine movements of the
fingers and hands or the manipulation of small objects
are particularly sensitive to the effects of cold (25, 26).
Slow cooling, as found in many occupational sett ings,



is more detrimental to manual performance than rapid
cooling to equivalent hand skin temperatures (27, 28).
The progressive development of more sensitive tech­
niques of measurement and analysis may tend to re­
sult in effects being found at increasingly mild levels
of cooling (29, 30),

Research on the effects of cold on more complex
tasks has, as has already been pointed out, been mea­
ger. A study of shipboard lookouts by Poulton et al
(31) is often cited as indicating effects of cold on vigi­
lance, although the interpretation of the results was
complicated by confounding wind and rain under the
control conditions.

Interest in the effects of cold on complex mental
functions has been stimulated by several studies of di­
vers working in cold water. The discussion as to the
applicability of these results to other forms of cold ex­
posure being laid aside, this work has shown effects
of cold on a number of complex tests (32, 33). Sup­
port for the concept of cold as a distractor is found
in a study of divers exposed to cool (I5.5°C) and cold
(4.5°C) water conditions (34). The results from this
study showed that performance on two complex tasks
was significantly poorer in the cold water only during
the first of the 3 h of exposure. During the second and
third hours of exposure performance did not differ be­
tween the cold and moderate water temperatures, in
spite of increasing differences in the degree of phys­
iological cooling between the two conditions. The
results during the first hour were attributed to the
greater distracting effect of the cold environment, an
effect independent of deep body cooling.

Two studies of cold air exposure (35, 36) demon­
strated an increase in errors on a serial choice-reac­
tion time test, but no increase in the number of lags
registered. Increasing the complexity of the choice in
the test (36) led to a relative increase in errors made
in the cold. Taken together, the results of these two
studies were interpreted in terms of the arousal the­
ory. The increase in errors was hypothesized to result
from a change in strategy caused by a cold-induced
increase in cortical arousal.

Recent work (37) has demonstrated significant in­
creases in the number of errors, speed of incorrect re­
sponse, and number of false alarms on two computer­
ized tests during mild cold exposure of a group of
women. These effects were only obtained in tests
designed to require continuous rapid accurate respond­
ing with minimal opportunity to inhibit erroneous reac­
tions. It is interesting to note that an increase in rapid
errors on a serial choice-reaction time task was recently
reported at lower levels of noise than noted previous­
ly. This result was obtained following a task modifi­
cation to minimize hand movement, and thereby the
response latency and the time allowed for correcting
erroneous reactions was also decreased (38, 39). An
increased number of responses to blank trials during
cold exposure, previously noted in flicker-fusion
threshold determination (40), may be interpreted as

demonstrating a similar effect of erroneous response.
Thus there is evidence that at least one effect in the
possible pattern of cold stress might be a decreased
ability to inhibit erroneous responses.

Performance during heat exposure

The general relationship between physiological changes
in response to heat stress and physical performance is
held to be relatively clear and predictable. There is little
initial effect on physical strength, but the gradual ac­
cumulation of heat in the body during longer and more
intense exposures gradually builds up fatigue and a cor­
responding decrease in endurance. The importance of
the time factor is reflected also in the discussion of ap­
plicable limits for mental and psychomotor tasks of
various kinds (10, 41, 42).

Many of the studies investigating the more complex
effects of heat have used tasks involving sustained at­
tention and vigilance. There is evidence of a nonlinear
relationship between a rise in body temperature and
performance. Mild heat exposure appears to impair
performance on vigilance tasks, while further heat
stress may induce improvement. For more complex
mental tasks the effect is the reverse, initial facilita­
tion followed by impairment. The overall picture is,
however, confusing since the effects may vary accord­
ing to factors such as the duration and severity of ex­
posure, the characteristics of the task, and the charac­
teristics of the individual. A complex pattern of arousal
has been proposed to account for these effects, invok­
ing an initial stimulating effect, followed by a sequence
of decreased arousal associated with adaptation, in­
creased arousal in response to rising body temperature,
and a final decrease as exhaustion is approached (8).
In view of the lack of reliable independent measures
of arousal this theory, while elegant, is clearly open
to criticism in view of its post hoc nature.

Recently Hancock has conducted comprehensive
reanalyses of the work on sustained attention under
heat stress in relation to body temperature changes (II,
43, 44). He makes a clear distinction between condi­
tions under which body temperature is undergoing a
dynamic increase and those under which body temper­
ature is unchanged or established in a static hyperther­
mic state. According to Hancock's analysis, dynamic
temperature change is associated with performance
decrement, while subjects in a stable state show no
change or even improvement in performance. While
emphasizing the descriptive rather than explanatory na­
ture of this relationship, Hancock points out the prac­
tical applications if inertial intervals during which body
temperature remains stable can be used to calculate
safe tolerance periods for tasks requiring sustained at­
tention (44).

One reason for the apparent disparity in results
regarding heat stress may lie in the use of the general
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term "heat stress" to cover a variety of different stress
states. Closer attention to both the level and direction
of physiological reactions may help clarify the picture.
This approach is also strongly advocated by Allan and
his associates (45) on the basis of a series of experi­
ments indicating that direction and rate of change in
both core and skin temperatures may be important de­
terminants of performance.

Effects of thermal stress in relation to
training and skill

Given that, in some cases, the possibilities of modify­
ing the environment or the task are limited, a central
question is whether people can be trained to withstand
the negative effects of that environment. While phys­
iological acclimatization to heat is a widely accepted
phenomenon and may increase the capacity for phys­
ical work, the evidence of a corresponding improve­
ment in psychological performance is ambiguous (9).
The position as regards cold exposure is still less c1ear­
cut and has been widelydebated. While local acclimati­
zation effects, in the form of increased finger temper­
ature and rapid onset of cold-induced vasodilatation,
have been found among habitually cold-exposed sub­
jects (46-49), the relationship between such effects
and performance has not always been clear (50). Con­
versely, while instances of improved manual perfor­
mance have been demonstrated among subjects famil­
iar with cold exposure, concomitant physiological
changes have not necessarily been established (51).

Irrespective of the existence of physiological changes
in response to repeated exposure to thermal stress, the
general view seems to be that familiarity breeds, if not
contempt, then at least competence. This view would
seem to imply the concept of the stressor as a distrac­
tor. With increased familiarity the impact of distract­
ing stimuli, which divert attention from the task at
hand, should decrease .

There are indications that subjects accustomed to
cold exposure experience less discomfort than unac­
customed subjects at equivalent skin temperatures. In
a study of reactions to local hand cooling (52), meat­
cutters and office workers were compared with regard
to physiological and psychological responses during
both cold stimulation and a passive recovery phase.
No differences were found between the groups as
regards hand skin temperature measurements, but the
meatcutters were found to experience significantly less
cold and discomfort particularly under the conditions
in which room temperature was set at lQoC, the nor­
mal work environment temperature of the meatcutters.
This result might be interpreted as indicating a de­
creased impact of situation-specific sensory stimuli
among the accustomed workers. Similar results have
been obtained in heat exposure (53). However, a di­
rect connection between reduced discomfort and im-
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proved performance is not self-evident. Indeed, it
might be suggested that a reduction in discomfort with
no equivalent reduction in physiological reaction may
in fact constitute a hazard as regards decreased sensi­
tivity to significant sensory warning signals .

There is also a general view that practice under ther­
mal stress enables the individual to develop a more ade­
quate behavior pattern. The positive effects of train­
ing in the cold are often cited, generally with refer­
ence to an early study by Clark & Jones (54). In this
study manual performance during cold exposure was
studied as a function of the thermal conditions of train­
ing. Briefly the results indicated that a change in ther­
mal conditions after a period of practice resulted in
a relativelygreater decrement in performance, irrespec­
tive of the direction of the change. Thus subjects who
learned the task under neutral conditions performed
worse under cold conditions than subjects who had ex­
perienced cold during the practice sessions. The data
also indicated that subjects training under cold con­
ditions were inferior to comparison groups when tested
under neutral conditions. The authors stressed the im­
portance of varied thermal experience early in train­
ing and suggested that the thermal conditions under
which a task is performed may become part of the
stimulus complex to which the correct manual response
is connected over a period of training. Consequently
any change in these thermal conditions causes a dis­
ruption in performance.

More recently there has been a revival of interest in
the possible effects of training on performance. I re­
cently conducted a study of manual performance train­
ing in a group of women unfamiliar with manual work
or cold exposure (55). The results differed to some ex­
tent from those of Clark & Jones, since they do not
indicate any advantage of practice under cold condi­
tions for subsequent performance in the cold. Indeed,
practice under neutral conditions tended to be more
advantageous for a task involving complex manual
manipulations, in this case a screw manual dexterity
task. It should be noted that in my experiment the
group was female and completely untrained, while in
the formerly cited study the group was made up of
male military personnel, presumably relatively skilled
in manual work, who also had some opportunity for
practice with warm hands. A recent study (56) of rela­
tively inexperienced male military personnel practic­
ing manual tasks under different thermal conditions
also revealed results resembling those of my study.
When tested in the cold, the group who had practiced
under normal thermal conditions was found to per­
form somewhat better than the group who had prac­
ticed in the cold.

Learning to perform a task in the cold may thus be
less advantageous. However, a study of visuomotor
performance (57) indicated that cold affects the level
of performance rather than learning, since rapid recov­
ery to the expected practice level was found on return­
ing to warm conditions. Differences in the type of task,



or again in level of skill, may contribute to the con­
flicting evidence. There is little evidence regarding the
practice and learning of cognitive tasks in the cold.
However, memory registration has been shown to be
progressively impaired with decreased core tempera­
ture from a levelof about 36.7°C, while recall of previ­
ously learned data proved highly resistant to effects
of lowered body temperature (58). Impaired memory
registration may have hazardous consequences, eg, for
divers memorizing a safe return route in cold water
(58).

The significance of level of skill has been pointed
out with regard to the effects of heat on vigilance per­
formance (59, 60). There is evidence that skilled sub­
jects are better able to maintain performance under
thermal stress. In his analysis of the conflicting evi­
dence with regard to vigilance performance, Hancock
cited two studies in which no effects of heat on per­
formance were found. He pointed out that in both
these studies the task was such that highly practiced
subjects, as used in these cases, could achieve a high
degree of automation in their performance and there­
by reduce sensitivity to the effects of environmental
stress. However, a study by Wenzel & Ilmarinen (61),
of one highly practiced subject exposed to heat, indi­
cates that unimpaired performance may be achieved
at the cost of greater effort, as measured by a superele­
vation in heart rate.

In regard to learning and practice it is interesting
to note the work by Poulton & Freeman, who studied
transfer effects in experimental studies (62). The
authors cited several examples of experiments in which
subjects exposed to an experimental stressor perform
poorly and then continue to perform poorly in later
tests under more optimal conditions. One interpreta­
tion may be the adoption of inadequate methods of
work under stress, the inadequate methods then per­
sisting even when the stress is relieved. Even if the prac­
tical significance of such possible effects cannot at pres­
ent be assessed, they are certainly of note for the de­
sign of repeated measures experiments .

In view of the significant practical applications, it
is clearly important that the effects of different prac­
tice and training models be clarified. A few tentative
conclusions may be drawn from the evidence pre­
sented . The effects of practice conditions may differ
at different stages in the skill acquisition process. Thus
acquiring a certain level of skill under optimal condi­
tions prior to an encounter with adverse conditions
may be advantageous during the early stage of learn­
ing. This approach has been advocated in connection
with other types of psychological stressors (63). Simi­
larly, a high level of practice on some tasks of, eg, sus­
tained attention may promote a performance strategy
less amenable to negative influence. Experience of ad­
verse conditions may, however, enable more suitable
strategies to be developed at a later stage in the learn­
ing process.

Concluding remarks

The ultimate aim of applied research in this area is to
reduce the negative effects and possible risks associated
with work under thermal stress and to increase effec­
tivity. Broadly speaking, the thrust of such endeavors
can be aimed in two directions, towards the environ­
ment and the situation or towards the individual. By
improving clothing and protective equipment,
redesigning the tasks to be performed and the tools
with which to perform them, and using different tech­
nical solutions to minimize the impact of the environ­
ment, one can create conditions favoring improved per­
for~ance. Some thermal stress situations will, how­
ever, still remain less amenable to the achievements in
technology and protective equipment, due, eg, to the
unpredictability of the weather and the elements, the
conflicting thermal demands of people and the
products and processes with which they are working,
and economic factors.

A complementary approach is to regard the in­
dividual and to consider how the faculties of withstand­
ing the impinging influence of environmental stress can
be optimized in a specific situation. Further work on
the significance of training and skill is required to clar­
ify how this possibility may be accomplished.

In order to attain genuine improvement in perfor­
mance under thermal stress, actions must be based on
a theoretical understanding of the nature of the effects.
Some advances in this direction seem to be under way
in providing models which can account for the diverse
effects observed. As always, there is a need for more
data of a systematic nature. Detailed experimental
planning and analysis of the data are also necessary
to expose not only the possible increments or decre­
ments in total performance, but also shifts in strate­
gy, transfer effects, and interactions due to individual
differences. In this connection noneffects are also of
interest when the patterns are established, although it
has been observed that such effects may be less likely
to be reported (3).

Finally, in interpreting research results, one should
perhaps recall that they are often achieved by selected
groups of healthy young men who are highly motivated
and subject to relatively brief periods of exposure. The
everyday occupational situation may differ consider­
ably. While this is hardly an original observation, nor
exclusive to the domain of thermal stress, it may bear
repeating.
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