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Thermal stress and human performance
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ENANDER AE, HYGGE S. Thermal stress and human performance. Scand J Work Environ Health
1990;16(suppl 1):44—50. There is evidence that the thermal stress encountered in many work environ-
ments may negatively affect various aspects of human performance and behavior. Evaluation of the em-
pirical research is, however, complicated by differences in both the methodology and the definition of
the basic stimulus. Effects of heat and cold stress are briefly reviewed, with particular regard to theoreti-

cal considerations.
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People are subjected to thermal stress in many work
environments, as, eg, in outdoor work under intem-
perate climatic conditions or in the processing of
products which require heat-producing technology or
strict hygienic standards. While physiological limits of
endurance are seldom reached in today’s work environ-
ment, increasing interest is being focused on the pos-
sible negative effects on behavior. A relationship be-
tween thermal stress and accident occurrence was
documented over 50 years ago, and a similar relation-
ship to unsafe work behavior was recently demon-
strated (1). These relationships form a background to
the following discussion of the central issues in research
on the behavioral effects of thermal stress.

Definition of the stimulus

A central problem in this research area is that of es-
tablishing a relevant measure of thermal stress to which
behavioral effects can be related. Several indices have
been developed which combine different parameters
into one single value to characterize the external ther-
mal stress on humans. For cold the wind-chill index
incorporates the combined effects of air temperature
and air velocity. For heat stress a number of indices
are in use. The effective temperature (ET) takes into
account the air temperature (dry bulb temperature),
humidity, and air velocity. Another well-known heat
index is the wet bulb globe temperature (WBGT),
which also includes radiation heat. For a more-detailed
description of thermal stress indices, the reader is re-
ferred to Mclntyre (2). Empirical assessments and com-
parisons of several indices have been reported by
Mutchler & Vecchio (3) and Beshir (4).
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The stress effects of a defined thermal environment
may vary according to several individual characteris-
tics of the subjects, eg, age, sex, fitness, etc. Com-
parison between different studies is also complicated
by the use of different methods to achieve thermal
stress, eg, by means of varying air temperature, wind
speeds, or physical work or submerging the body in
cold or warm water. Measures of individual physio-
logical reactions are therefore often necessary before
a relevant indication of the thermal stress imposed can
be obtained.

While some simpler performance measures appear
to be relatively well related to physiological changes,
it has proved considerably more difficult to establish
relationships between indices or physiological measures
of thermal stress and more complex cognitive and men-
tal tasks. Thus there is a choice of different indepen-
dent variables in thermal stress research. In a review
of environmental factors and performance, Smith &
Ottmann (5) pointed to four such basic choices of the
independent variable or research paradigms. The first
is characterized with effective temperature as the in-
dependent variable, while the second paradigm relies
on deep body or core temperature. A third type of re-
search paradigm attempts to disentangle core temper-
ature and air temperature, eg, by having the subjects
wear vapor suits or having them do physical exercise
to increase core temperature. The fourth and last
paradigm has its focus on the interaction between
different factors, such as heat, noise, sleep depriva-
tion, time of day, in order to determine whether the
same or different psychological mechanisms are tapped
by different independent variables.

There is a wide array of stimuli definitions in ther-
mal research, each with different theoretical foci. On
the distal side, definitions relying on the physical
parameters of the environment have an advantage in
being able to detect performance effects before am-
bient conditions have altered skin or deep body tem-
perature. Clearly this trait rests on an assumption that
thermal performance effects are not exclusively di-



rected through the same routes as thermoregulation.
A deep-body temperature definition of the stimulus
implies that the main mediating mechanism for per-
formance effects is dependent upon thermoregulation.
The interactionist view of the thermal stimulus defi-
nition assumes that thermal effects are interrelated with
those of other environmental stressors, and its focus
is on common and shared psychological mechanisms.

Theoretical approaches

Bell & Greene (6) have discussed three of the more sig-
nificant theoretical approaches which have been ap-
plied to interpret the effects of thermal stress on per-
formance, namely, body temperature, arousal, and at-
tention.

Body temperature

It has generally proved difficult to establish a direct
relationship between body temperature and perform-
ance. Interpretation of the available evidence is in part
hampered by the general lack of body temperature
measurements in research, and also by a lack of con-
sensus as to the relevant measures. Recent evidence in-
dicates that both core and skin temperature, and the
relation between them, may have a significant bearing
on some measures of performance.

Arousal

The arousal theory is perhaps the most well known of
general theories which have been applied to explain the
effects of many environmental factors. Stress has been
defined in terms of arousal theory by suggesting that
both overarousal and underarousal are stressful. Com-
plex, as opposed to simple, task performance decre-
ments would be expected to occur under arousing con-
ditions. During overarousal, a narrowing of attention
appears to occur, where the organism focuses on the
most important cues available in the situation (7). In
complex tasks more such cues per unit of time are
necessary for successful task completion. Thus, when
a narrowing of attention occurs in the complex task
situation, the organism is more likely to ignore cues
relevant to successful task completion than in a sim-
ple task in which fewer such important cues are neces-
sary for task success.

When applied to heat, the reservation has often been
made that mild heat is dearousing and that arousal in-
creases again after some optimum temperature has
been reached.

Recent criticism (8) has pointed out several weak-
nesses in the arousal construct. However, it must be
admitted that, to the extent that there are reliable in-
teractions between stressors, the arousal theory has a
strong point in its ability to explain antagonistic in-
teractions.

Attention

Humans have a limited information processing capac-
ity. Information overload occurs when the demand for
attention exceeds total available capacity. This situa-
tion is likely to occur in the presence of an environ-
mental stressor, since it requires the allocation of at-
tention. The most usual strategy employed to deal with
such overload is the focusing of available attention on
the aspects of the environment most relevant to task
performance at the cost of less relevant input. Infor-
mation overload theories can also be expanded to in-
clude how stressors can change cognitive strategies.
[See the report of Cohen et al (9).] Task performance
will change under stress to the extent that variability
in cognitive strategy is possible in the completion of
the task. Tasks that only allow one strategy are less
likely to be affected by stress.

Recent theoretical developments

In parallel with criticism of traditional theoretical ap-
proaches, attempts at integrating and developing them
are evolving. In rejecting the unidimensional arousal
theory, eg, Hockey & Hamilton (8) suggested that
different stressors affect performance differently, and
not through any unitary and general arousal mecha-
nism. Different profiles of effects can be discerned for
different stressors along the dimensions of alertness,
selectivity, speed, accuracy, and short-term memory.
Stressors can also be divided into high-arousal (eg,
noise, heat) and low-arousal (eg, sleeplessness, alco-
hol) states, but also within these families different pro-
files exist. According to Hockey & Hamilton (8), the
patterning of states suggests two complementary re-
search strategies, a narrow-band strategy in which a
particular test or task is employed across stressors or
a broad-band strategy in which different tasks are em-
ployed within one single stressor.

Another interesting development can be found in a
recent review of vigilance under thermal stress, in
which Hancock (10) made a distinction between static
and dynamic changes in body temperature. He pro-
posed that the key factor in determining change in
vigilance under thermal stress is the thermophysiolog-
ical state of the person. When conditions are insuffi-
cient to change deep body temperature, performance
remains essentially unaffected. However, when ther-
mal conditions perturb the deep body temperature
away from both normal and steady-state conditions,
vigilance is impaired. Static hyperthermic states are
assumed to be beneficial with respect to sustained at-
tention.

The theoretical approaches that have been outlined
can be regarded within a wider framework encom-
passing effects of environmental stress in general. The
effects of different stressors are being compared, and
traditional theories are being reevaluated and rede-
fined. There is, however, a clear need for more direct
tests of the hypotheses generated from these new de-
velopments.
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Thermoregulation and acclimation

In order for a person to maintain body temperature
in a cold environment, heat loss must be minimized
or heat production increased. Vasoconstriction in the
peripheral extremities and the redirection of venous
blood flow to deeper lying vessels serve to reduce heat
loss, while an increase in heat production is induced
by shivering. Human sensitivity to cold acts as a sig-
nificant stimulus for adaptive behavioral responses
such as altering body posture and donning extra
clothing.

For warmth the reverse is true. Heat dissipation is
accomplished by sweating, increased blood flow, and
peripheral vasodilation to increase heat loss through
evaporation, radiation, and convection. However, a
high level of air humidity will make heat losses through
sweating impossible. To counteract ambient heat, ac-
tivity level can also be reduced to lower the body’s in-
ternal heat production.

Prolonged exposure to a hot environment leads to
a lowering of the body temperature and heart rate and
to sweating commencing at a lower body temperature.
Exposure durations of 2 to 4 h/d for 5 to 10 d are suffi-
cient (11) for a substantial reduction in heat strain. The
point of thermal neutrality does not change with ac-
climation, but the swings in heat strain are less marked.

Men and women seem to heat acclimate at similar
rates, but women regulate body temperature at a slight-
ly higher temperature set-point than men (12). Under
higher humidity conditions, women acclimate better
than men, apparently because a higher surface area to
mass ratio (total area of skin by body weight) for
women helps dissipate body heat more readily (13).

While physiological acclimation to heat is a widely
accepted phenomenon, the evidence of a correspond-
ing effect as regards cold exposure is less clear-cut and
has been widely debated (14). Local acclimation ef-
fects, in the form of increased finger temperature and
a rapid onset of cold-induced vasodilatation, have been
found among habitually cold-exposed subjects, al-
though the relationship between such effects and per-
formance has not always been clear. Conversely, while
instances of improved manual performance have been
demonstrated among subjects familiar with cold ex-
posure, concomitant physiological changes have not
necessarily been established. There is some evidence
of psychological adaptation to cold in that subjects ac-
customed to cold exposure may experience less discom-
fort than unaccustomed subjects at equivalent skin
temperatures (15).

To summarize, compensatory activities of the car-
diovascular system are the initial means by which heat
and cold are counteracted. When these activities do
not suffice, sweating occurs under conditions of heat
and shivering under conditions of cold. Physiological
acclimation to heat is an established fact, whereas ac-
climation to cold is more in question.
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Manual performance

There has been considerable research interest in the
specific effects of cold on the functioning of the hands.
This interest reflects the widely documented problems
encountered in attempting to protect the hands from
cooling while maintaining unimpaired dexterity. There
is little evidence that heat has any appreciable effects
on manual functioning, other than at very extreme ex-
posures or in connection with prolific sweating.

Research on the effects of cold on tactile sensitivity
and finger and hand dexterity has been summarized
in several review articles (16—18). Early work indicated
that it is the temperature of the hands which is critical
for manual performance, although severe body cooling
and shivering can also affect the performance of some
tasks. Considerable research has been devoted to es-
tablishing the range of temperatures within which per-
formance remains unimpaired. Critical skin tempera-
tures of the hands and fingers have been found for
unimpaired tactile sensitivity at 8—10°C, and for
manual dexterity they occur at 12—15°C.

While the direct relationship between cooling of the
hands and a progressive decrement in manual per-
formance is well established, the actual degree of im-
pairment is subject to several task and cooling factors.
Tasks involving fine movements of the fingers and
hands or manipulation of small objects are particu-
larly sensitive to cold effects. Slow cooling, as found
in many occupational settings, is more detrimental to
manual performance than rapid cooling to equivalent
skin temperatures of the hands (19, 20). The thermal
conditions under which manual tasks are practiced or
trained appear to affect performance capability under
thermal stress, although there is some discrepancy in
the results regarding these effects (21, 22).

The progressive development of more sensitive tech-
niques of measurement and analysis has tended to re-
sult in effects on manual dexterity being found at in-
creasingly mild levels of cooling. More recent research:
on manual performance has focused increasingly upon
field or field simulation exposure conditions of longer
duration (23), and upon the effects of various methods
of protection or practice, rather than on laboratory
studies of critical hand temperatures.

Simple and choice reaction time

In a review of more than 50 experiments on heat,
Grether (24) concluded that simple reaction time be-
came faster with increased heat. Complex reaction
time, on the other hand, seemed to become slower with
heat. According to Grether (24) the shortened simple
reaction times can be explained by a higher neural
transmission speed at higher temperatures. For more
complex reaction-time tasks, however, he assumed that
neural transmission speed had relatively less to do with
the ensuing reaction time. The explanation has its



merits; it is short and simple and fits a general con-
ception of the facilitating effects of mild heat (25).

The evidence from Teichner’s classic studies (26) and
other work indicates that reaction speed is little af-
fected by cold other than at more extreme levels. More
complex tests of choice reaction time have, however,
revealed effects of cold at more moderate levels. Thus
Ellis (27) has demonstrated an increase in errors on
a serial choice reaction-time test, but no increase in
the number of lags registered. Increasing the com-
plexity of the choice in the test led to a relative increase
in errors made in the cold (28). Taken together, the
results of these two studies were interpreted in terms
of arousal theory. The increase in errors was hypothe-
sized to result from a change in strategy caused by a
cold-induced increase in cortical arousal.

Recent work at comparatively mild levels of ex-
posure (29) has demonstrated significant increases in
the number of errors, speed of incorrect response, and
number of false alarms on two computerized tests for
a group of women. These effects were only obtained
on tests designed to require continuous rapid accurate
responding with minimal opportunity to inhibit er-
roneous reactions. An increased number of responses
to blank trials during cold exposure previously noted
in the determination of flicker-tfusion threshold (30)
may be interpreted as demonstrating a similar effect.
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.

Simple reaction time becomes faster as temperature
rises, but is little affected by moderate cold. Complex
reaction time is slowed down by heat, while the evi-
dence primarily indicates an increase in errors in the
cold.

Tracking, vigilance, and time sharing

In pursuit tracking, the operator’s task is to move the
controls so that the object follows a predetermined
course. A real-life example would be handling the
steering wheel of a car to keep it on the road. In the
compensatory tracking task the operator has to keep
an otherwise moving point in a fixed position. The spot
only moves when the task is not performed correctly.
The car driver’s attempt to keep a constant speed is
an example. Variations in road incline, speed losses
in bends, head winds, tai! winds, etc, must be com-
pensated for by the driver maintaining the speedom-
eter needle in a particular position. Compensatory
tracking is clearly more difficult than pursuit trach-
ing. An operator in a compensatory task cannot see
what is being done, nor predict what is meant (o be
done. The operator can compensate only when an error
has occurred. While tracking in a pursuit manner, the
operator can see the movements produced by the track
program, in addition to the effects of the control move-
ments.

Kobrick & Fine (31) summarized studies on manual
tracking by first stating that generalization is impos-
sible, but in a number of instances there is some degra-
dation at a wet bulb globe temperature of >27°C. (See
31 for references to the original studies.) But differ-
ent exposure times create a complication. The studies
reviewed by Ramsey (11) and Ramsey & Morrissey (32)
point to a similar conclusion. In contrast to studies of
reaction time, there is, for tracking tasks, a relatively
small fraction of studies that show no effects or ef-
fects in the opposite direction, and the time dependency
is less marked. Therefore, in several ways, the decre-
mental effects of heat on tracking tasks may be more
reliable than those inferred for reaction time.

Reviews of studies on tracking proficiency (17, 18)
indicate a decrement under cold ambient conditions,
although there is some discrepancy as to the optimal
temperatures for performance. In a study of long-term
exposure to cold, Teichner & Kobrick (33) demon-
strated a lowered final limit for visuomotor perform-
ance, but no effect on rate of learning. Upon return-
ing to warm conditions after a period of cold exposure,
subjects demonstrated a rapid recovery in performance
to the expected practice level.

In vigilance tasks the operator is required to act on
irregular and infrequent signals, usually against a back-
ground of nonsignal stimuli. Early work described this
performance as watchkeeping ability or vigilance; later
work has labeled it monitoring or sustenance of atten-
tion.

The classical empirical works on vigilance were done
by Mackworth (34), Pepler (35, 36), and Viteles &
Smith (37). Mackworth reported that his artificially
acclimatized subjects showed minimal signal omission
and optimum efficiency on a combined response mea-
sure at 26°C ET compared both to higher tempera-
tures (31 and 36°C ET) and to a lower one (21°C ET).
Performance also declined with time over the 2-h ex-
periment, and experienced subjects were less disturbed
than inexperienced ones. Pepler (35) used naturally ac-
climated subjects in Singapore, and in one of his ex-
periments he could confirm Mackworth’s findings.

One of the tasks used by Viteles & Smith (37) was
to inspect pairs of numeral series and check those pairs
which were identical. Errors did not change significant-
lv across temperature conditions, but output was sig-
nificantly lower at the 31°C ET condition than at 29
and 23°C ET.

Influential reviews (11, 24, 31, 38) have suggested
that there is an optimal level for vigilance in the range
of around 27 to 32°C ET. The exact borders of this
range will, however, vary with the exposure time, dif-
ficulty of task, physical exertion, and other helping or
counteracting factors in the situation. Hancock (10)
has argued that performance impairments in vigilance
only occur when the deep body temperature is moving
away from a normal steady state. Static elevations of
core temperature are beneficial with respect to vigi-
lance.
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Comparatively little work has been conducted on
vigilance in the cold. A study of shipboard lookouts
by Poulton et al (39) is often cited as indicating effects
of cold on vigilance, although the interpretation of the
results is complicated by confounding wind and rain
in the control condition.

Time sharing occurs in situations in which two tasks
or more are to be performed simultaneously. In such
concurrent tasks, one is usually designated as the pri-
mary, another as the secondary, etc. Dual tasks are
the most common time sharing tasks, and examples
include mental arithmetic and incidental learning, and
tracking, together with detection of lights in different
spatial locations. A tracking or vigilance task has often
been included as the high or low priority subtask. The
study by Mackie & O’Hanlon (40) on driver’s steering
adjustments can be regarded as a time-sharing task as
well.

Bursill (41) combined a pursuit rotor-tracking task,
designated as the primary task, with a secondary pe-
ripheral light task under the conditions of 18 and 35°C
ET. His results, although their validity has been ques-
tioned (31), indicated a decrement of performance on
detecting the peripheral lights under the heat condi-
tion, but no heat effect on the primary tracking task.
Azer et al (42) reported central tracking and periph-
eral reaction-time decrements for subjects at a temper-
ature of 35°C and high humidity, although low hu-
midity at 35°C and moderate humidity at 37.8°C did
not cause any change in performance. Bell et al (43)
reported more missed signals (29.5—58°C dry bulb,
different body temperatures) but no vigilance deficits.
Bell (44) reported temperature effects of 35 versus 22°C
(but not versus 29°C) on a secondary number process-
ing task, but not on the primary pursuit-rotor task.

The present evidence indicates decrements in track-
ing performance in both heat and cold, while the op-
timal temperature range for vigilance appears to be
relatively higher at 27 to 32°C ET. Clearly there are,
however, difficulties in establishing the exact pattern
of effects of thermal stress on more complex tasks. The
results on time sharing remain similarly equivocal. To
the extent that there is a general pattern, the second-
ary task seems to be at an optimum at a temperature
at or above 30°C.

Cognitive and mental tasks

Pepler & Warner (45) had their undergraduates study
a self-teaching programed text during exposure to six
different temperature levels (16.7—33.3°C) at 45 %
relative humidity. The students worked faster at high
and low temperatures, where the error rate was also
highest.

Wyon (46) summarized a series of the effects of heat
on school performance. In a test of learning in a lan-
guage laboratory the oral performance was worst at
27°C compared with 20°C, and the effects were more
marked for the less competent children. In a classroom
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experiment nine-year-old children took tests at 20, 27
and 30°C. The two higher temperatures produced sig-
nificantly worse performance than 20°C. Wyon argued
that the arousal at 27°C was too low for optimum per-
formance. In another study on a creative task, Wyon
(47) found optimum performance on a creative task
at 27°C compared to 20 and 23.5°C. Maximum per-
formance at 26°C in a word-memory test was reported
by Wyon (48).

Interest in the possible effects of cold on complex
mental functions has been stimulated by several studies
of divers working in cold water conditions. This work
has shown some effects of cold on tasks of, eg, word
recognition and problem solving (49, 50). Memory
registration has been shown to be progressively im-
paired with decreased core temperature from a level
of about 36.7°C, while recall of previously learned data
proved highly resistant to effects of lowered body tem-
perature (51).

Overall there has been relatively little research on
the effects of thermal stress on cognitive and mental
tasks. The focus on vigilance types of tasks in heat and
more manual functions in cold reflects the pragmatic
purpose of much of the empirical work, which has
primarily been geared towards particular work environ-
ments and military settings. While difficult to inter-
pret, the few results available do seem to indicate that
cognitive functions may indeed be sensitive to thermal
stress and deserve more specific study.

Social behavior

Some studies have reported heat to decrease attraction
to a bogus stranger, as described by responses to an
attitude survey (52, 53), while others have failed to
replicate this finding (54, 55).

Quite a few studies, in the laboratory as well as em-
ploying archival records, have been made on heat and
aggression. Baron & Bell (54) summarized and ex-
plained the results from the Baron research group in
terms of negative affect. Heat per se did not produce
more aggression. Heat and insult from an accomplice
of the experimenter is assumed to increase discomfort,
and the hypothesis is that there is an inverted-U rela-
tionship between negative affect and aggression. This
phenomenon would imply that at intermediate levels
of discomfort aggression would be facilitated, but at
more severe levels aggression would be inhibited.
Anger in a cool condition or the absence of anger in
a hot condition would produce the optimum level of
aggression.

Baron & Ransberger (56) reported the number of
riots in the United States as a function of ambient tem-
perature. Carlsmith & Anderson (57) pointed out that
the Baron & Ransberger study had not taken the num-
ber of days in different temperature ranges into ac-
count. When this variable was controlled for, the con-
ditional probability of a riot increased monotonically
with temperature.



While several researchers have noted irritation or
apathy in subjects experimentally exposed to cold,
social behavior has not been the focus of systematic
study. One study concerning the willingness of pas-
sersby to help others showed no inhibitory effect of
extreme temperatures (58).

Thus no simple main effects of thermal stimulation
on social behavior have been indicated. In the sub-
domain that has attracted most of the empirical
studies, heat and aggression, any demonstrable effects
of heat seem to be mediated by or interacting with,
eg, feelings of negative affect.

Concluding remarks

Recent theoretical development in the area of thermal
stress and performance implies a movement away from
single unidimensional concepts such as body temper-
ature, arousal, or distraction as the stimulus or me-
diating mechanism. The movement is towards more
differentiated concepts such as dynamic or static body
temperature or profiles of thermal effects with respect
to alertness, selectivity, speed, accuracy, and short-
term memory. A characteristic of this latter develop-
ment is the attempt to relate the profile of thermal
stress to other stressors, such as noise, time of day,
sleep loss, boredom. Thereby an integration of be-
havioral effects across stressors is on its way.

In general, the more complex the task at hand, the
more likely it will deteriorate with heat or cold. Most
manual performance measures are sensitive to effects
of cold. Simple reaction time increases with heat but
is little affected by cold. Complex reaction time slows
down in heat, and more errors are made in cold. Vigi-
lance tasks and dual tasks seem to have an optimal
range from around 27 to 32°C ET. Tracking tasks seem
to deteriorate in the same range. Learning tasks seem
to reach their optimum in the comfort zone around
21°C, while tasks in which the correct response con-
sists of finding an unusual or unlikely answer, such
as creative tasks, benefit from temperatures closer to
27°C, at which arousal is assumed to be low.

Social behaviors, such as aggression or helpfulness,
do not seem to have direct main effects from thermal
stress. The effects reported are mediated by or in in-
teraction with, eg, anger and feelings of negative affect.
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