
N U. S. ARMY 

O Technical Memorandum 11 70 

rH 

ä EFFECTS OF THERMAL STRESS ON HUMAN PERFORMANCE: 

A REVI EW AND CRITIQUE OF EXISTING METHODOLOGY 

R. Douglas Jones 

May 1970 
AMCMS Code 502F.11.81900 

HUMAN ENGINEERING LABORATORIES 

ABERDEEN RESEARCH & DEVELOPMENT CENTER 

ABERDEEN PROVING GROUND,   MARYLAND 

Tliis document has been approved for public 
release and sale; its distribution is unlimited. 

-f] 

MiMfca.^^ mmi i ■■   ii    i   [■■[■■■■■in —^  ■ ■     ■     ■ 
-        - :   -  ■- '        ■ 



Destroy this report when no longer needed. 
Do not return it to the originator. 

The findings in this report are not to be construed as an official Department of the 
Army position unless so designated by other authorized documents. 

Use of trade names in this report does not constitute an official endorsement 
or approval of the use of such commercial products. 



Best 
Available 

Copy 



■w1««"1!1! 

AMCMS Code 502F. 11.81900 Technical Memorandum 11-70 

EFFECTS OF THERMAL STRESS ON HUMAN PERFORMANCE: 

A REVIEW AND CRITIQUE OF EXISTING METHODOLOGY 

R. Douglas Jones 

May 1970 

APPROV 

.N 

OHN D. WEISZ     ^ 
Director 
Human Engineering Laboratories 

HUMAN ENGINEERING LABORATORIES 
U. S. Army Aberdeen Research & Development Center 

Aberdeen Proving Ground, Maryland 

This document has been approved for public 
release and sale; its distribution is unlimited. 

■ 



1 

ABSTRACT 

A critical review of the literature provides the basis for an analysis of the effects of thermal 
stress on human performance. Research in this area to date reflects a wide divergence of opinion 
regarding the magnitude, direction and significance of performance changes occurring under 
conditions of high temperature, humidity, solar radiation, etc. An attempt to resolve major 
conflicts in experimental findings leads to a detailed examination of such factors as thermal stress 
indices, exposure times and acclimatization. The role of the subject in thermal stress research is 
discussed with emphasis on the contribution of such psychological variables as personality and 
motivation to performance change. Recommendations for future research are advanced. 
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EFFECTS OF THERMAL STRESS ON HUMAN PERFORMANCE: 

A REVIEW AND CRITIQUE OF EXISTING METHODOLOGY 

INTRODUCTION 

Recent reports from Southeast Asia indicate that Army aviators are experiencing difficulties 
due to heat stress induced by high cockpit operating temperatures. As reported, these difficulties 
are primarily physiological in nature. Crews flying the fixed wing OV-I (MOHAWK) have 
complained of discomfort, fatigue, and other symptoms indicative of mild heat exhaustion (Joy, 
1967). Anderson (1967), describing the effects of cockpit temperatures on the pilot/copilot in 
the rotary wing AH-1G (HUEYCOBRA), does not list specific complaints but comments: 

"Suffice to say that it greatly reduces pilot proficiency during extended periods of 
flight while exposed to direct sunlight. (Especially in the hot dry season.) Pilots are hindered 
by perspiration (restricting vision) and a feeling of exhaustion and dehydration after 
extended periods of operation." [p. 16] 

The alleviation or removal of such physiological symptoms has been attempted using a 
variety of techniques including air conditioning, artificial acclimatization (Allan, 1965), caloric 
neutralization (Gold, 1965), drugs (Goldsmith, Fox & Hampton, 1966) and modification of 
clothing and ventilation specifications (Joy, 1967). All of these approaches have proved effective 
to some extent. With the exception of air conditioning, howevor, all are based on what Connell 
(1948) has termed the "Concept of Physiological Adequacy" v/hich assumes that behavior will 
remain normal as long as thermal equilibrium can be maintained. The evidence in support of this 
assumption derives almost exclusively from studies of heavy physical labor and/or brief exposures 
to exvemely high temperatures and humidities. In the context of determining maximum 
physiological tolerance times, it has proven useful; but when applied to the performance of pilots 
flying under conditions of high cockpit heat loads, the validity of the assumption becomes 
questionable. Flying is a continuous, complex task which demands a high degree of speed, 
accuracy and coordination of responses, but requires little in the way of sustained, intense 
physical labor. Previous attempts to establish permissible upper limits for cockpit temperatures 
have relied heavily on subjective evaluations of comfort or on physiological adequacy alone, and 
have tended to ignore the following facts pointed out by Blockley, McCutchan and Lyman 
(1954): 

"...studies of unclothed men in relatively mild heat conditions, within the climatic 
range, have shown that the ability to perform even simple tasks is impaired long before the 
danger of physiological collapse is apparent. Basically, the assessment of body heat storage is 
predictive of the physiological tolerance of men; it is much more difficult to predict the way 
in which performance will be affected by the discomfort which accompanies even a perfect 
physiological adjustment to heat stress. Psychological consideration become of supreme 
importance in this mild heat area." [p. G-1] 

Past reliance on the concept of physiological adequacy has specifically resulted in a failure 
to investigate the effects of heat on such components of piloting as memory, complex problem 
solving, decision making and complex (time-shared) psychomotor activity. Because of the lack of 
systematic data in these areas, there currently exists no reliable set of criteria for the design and 
evaluation of crew station thermal environments as they affect performance. Even in instances in 
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which there has been a firm decision to air condition, the lack of well-defined levels of acceptable 
pilot performance under varying heat conditions proved a major hindrance in selecting equipment 
under the restrictions imposed by aircraft weight and power limitations. As Blockley et al (1954) 
noted : 

". .there is a basic conflict between the requirements for pilot comfort and survival and 
aircraft performance. Since the latter may well be a critical factor in completing a successful 
mission or in overcoming the enemy in a combat maneuver, it is evident that pilot 
effectiveness and safety is concerned in either instance. There is here no simple issue of man 
versus machine, such as guides the philosphy of industrial hygiene. The biotechnical goal 
must be equally and coordinately to optimize both the cockpit environment and the aircraft 
performance. Both man and machine must be fit to fly successfully under the exigencies of 
modern air warfare." [p. viii] 

In addition to providing design standards for maximally efficient environmental control 
systems (ECS), accurate and objective data on pilot performance under thermal stress is vital for 
predicting the magnitude, duration and significance of performance decrements, as they relate to 
mission requirements, in the event of ECS failure. 

The type of performance data described above is of particular importance to the Army with 
respect to its wide-spread and increasing use of rotary-wing aircraft. These aircraft are frequently 
used to provide low-level visual reconnaissance and/or tactical fire support in conjunction with 
ground operations. As such, they are characteristically equipped with high-visibility canopies 
which increase pilot exposure to the effects of both direct and reflected solar radiation. Since 
such aircraft are currently operating at altitudes of 50-100 feet, under conditions of high ambient 
temperatures and humidities, the "greenhouse" effect produced by such solar radiation makes a 
major contribution to cockpit heat loads. Other sources such as (a) waste heat from power plants, 
weapons systems and avionics; and (b) inefficient or defective ventilation systems add to the heat 
stress imposed on the pilot. The heat stress from these combined sources poses a greater potential 
threat to helicopter pilots because: 

"The task of flying a helicopter is a complex one for two reasons. First, the vehicle has 
no inherent aerodynamic stability in any axis. It differs markedly from fixed wing aircraft in 
this respect. The pilot must fly the airplane at all times; "hands off" operation in rotor-craft 
is. .. neither easy nor safe. Second, the wide range of operating airspeeds demands a variety 
of flying techniques." (Billings, Eggspuehler, Gerke, & Chase, 1968, p. 19) 

In summary, the following conditions have been outlined: 

a. There are reports of heat stress from helicopter pilots. 

b. The design of such craft and the climatic area in which they are deployed serve to 
increase cockpit operating temperatures. 

c. These higher temperatures can affect pilot performance. 

d. Decrements in performance are capable of producing greater effects in helicopters 
than in fixed-wing aircraft. 

e. The Army is expanding its use of helicopters. 
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These factors, together with the reported mean flying times for such aircraft - 160 
hours/month - argue strongly for the need to develop what Blockley, et al, (1954) termed "... a 
concept of physiological and performance effectiveness, evaluated by experiment under thermal 
conditions vhat lie far outside the comfort zone." (p. viii] 

OBJECTIVE 

The objectives of this paper are (a) to provide a comprehensive, critical review of the 
available literature on the effects of thermal stress on human performance; (b) to determine the 
extent to which experimental findings provide a consensus upon which to base design standards 
for crew station thermal environments; (c) to examine in detail those environmental and subject 
(S) variables which, when poorly controlled or differentially administered, have contributed to 
conflicting experimental results; and (d) to advance suggestions and recommendations based on 
the literature review and ancillary data for improving future research. 

METHOD 

Much of the work on the effects of thermal stress on performance has been done with the 
aim of improving various crew station environments. An analysis of this body of data provides 
the basis for subsequent discussions with respect to the role of environmental (indices of stress, 
exposure times) and subject (physiological-psychological adaptations) variables. Given the current 
status of research in thermal stress; viz., numerous conflicting reports regarding the effects on 
performance, an analytic approach is needed to identify relevant variables and assess their impact 
on future research. 

EFFECTS OF THERMAL STRESS ON HUMAN PERFORMANCE 

As Kaufman (1963) points out, heat has long been acknowledged as an important 
environmental Stressor. The following review indicates, however, that there remain many areas of 
controversy with respect to its exact effects on human performance (see summary in Appendix A). 

There are a number of bibliographies and reviews available on this subject (Bell & Provins, 
1962; Groth & Lyman, 1963; Hendler, 1963; Stevenson & Johnson, 1967; Stevenson & Trygg, 
1966; U. S. Army Tropical Test Center, 1967; Wing & Touchstone, 1963). Unfortunately, despite 
their publication dates, none of these compilations are recent or inclusive enough to allow an 
accurate appraisal of the effects of thermal stress on complex "mental" or psychomotor 
performance. The only recent review in this area was done by Wing (1965). He examined 15 
experiments to determine the upper limits of "unimpaired mental performance." Since his goal 
was to plot performance decrement as a function of exposure times, however, the experiments 
chosen were necessarily limited to those in which some decrement was, in fact, reported. The 
major objection to such a procedure is that it tends to ignore or minimize the existence of studies 
which report no change (or, in some instances, improvements) in performance as a result of 



exposure to high ambient temperatures. It is important that such divergent results be clearly 
acknowledged. Only then can comparisons be made with rospect to experimental designs, 
apparatus, subjects, etc. Such comparisons are necessary not only in reconciling conflicting data, 
but also in establishing a reliable basis for the selection and/ or control of relevant variables in 
future work. 

Reilly & Parker (1967a) have noted that "In comparing stress vs. nonstress performance in a 
given task, only three outcomes are possible: (1) improve''lent, (2) decrement, or (3) no change 
(p. 16)." Within each of these categories, studies indue')d in the present review are further 
classified according to the type of performance investigitf.:!. These performance areas are similar 
to those used by Wing & Touchstone (1963), and include he following: (1) sensory thresholds 
and reaction time, (2) vigilance and perception, (3) psychomotor performance, and (4) "mental" 
performance. These categories are neither mutually exclusive nor exhaustive; they are primarily 
for convenience and represent only one of a number of possible classification systems. Finally, 
throughout the review the following abbreviations are used; DB = dry bulb, WB = wet bulb, RH = 
relative humidity, and ET = effective temperature. Dry and wet bulb temperatures will always be 
in that order and in this format: 85/69. In addition, unless otherwise specified, all temperatures 
reported are in degrees Fahrenheit this includes effective temperature which is based on the 
combined dry bulb/wet bulb readings corrected for air movement according to an empirically 
derived comfort scale (Houghton & Yaglou, 1932). 

Improvement 

Simple reaction time (SRT) to visual stimulation was found to decrease during a 210-minute 
exposure to conditions of 125.6 DB and 40 percent RH (Lovingood, Blyth, Peacock & Lindsay, 
1967). Similar findings for SRT are reported by Reilly Ä Parker (1967a), who tested Ss twice 
during a six-hour exposure to temperatures of 98-102 DB and 76 84 WB. 

Vigilance and preception were demonstrated by Reilly & Parker (1967a) to improve under 
heat stimulation as measured by S's responses to tasks measuring spatial oriencation, visual 
reaction time, and perceptual speed. Poulton & Kerslake (1965) noted significantly better 
performance in both auditory and visual vigilance tasks at an ET of 86°. Wilkenson et al (1964) 
also showed that auditory vigilance improved for both number of signals heard and 
response-to-signal reaction times, when S's body temperatures were raised to 101.3°. 

Psychomotor performance has been shown to improve under thermal stress for such tasks as 
mirror tracing, wrist finger speed (Reilly A Parker, 1967), and rapid line drawing (Vaughan, 
Higgins & Funkhouser, 1968). Lovingood et al (1967) noted significant facilitation of percision 
work with small objects. 

At present there are few reports of complex "mental" performance (involving such 
processes as memory or judgment) being in any way enhanced under conditions of high ambient 
temperatures. Lovingood et al (1967) did note that under heat S_s attempted significantly more 
mental arithmetic (simple addition) problems. 
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No Change 

Both simple and serial reaction times have been studied under conditions of high body and 
ambient temperatures (Ivy, 1945; Pace, Fisher, Bieen, Pitts, White, Consoioxio & Pecora, 1945; 
Pace, White, Fisher & Birren, 1946). Coaktey (1940), having reviewed this work and 12 other 
studies dealing with choice, visual reaction times and auditory reaction times, concluded that: 
"Under the conditions of these studies, there is no significant variation of reaction time with 
ambient temperatures up to 117° DB, 85° WB (p. 21)." Peacock (1956) was also unable to 
demonstrate any adverse effects of heat on serial reaction times. 

Loeb et al (1956), exposing Ss to noise, heat and vibration, found that heat alone, ranging 
from 105° to 125° DB, produced no significant effects on a visual vigilance task involving the 
detection of changes in pointer alignment on a clock face and a set of 20 dials. Carlson (1961), 
theorizing that environmental and task inputs sum to provide operator overload and stress, found 
a "trend" toward decrement in visual vigilance at temperatures between 104° and 122° DB; but 
the trend failed to achieve statistical significance. Using the criterion of the proportion of signals 
missed to signals given. Belt, Provings & Hiorns (1964) tested Ss at temperatures from 85o/760 to 
1450/1170 and found no significant decrements in either auditory or visual vigilance. Fine, 
Cohen & Crist (1960), using a 6 1/2-hour exposure time at temperatures of 70o/530, 70o/6Bo, 
95°/ 70.5° and 950/920, found ", . . no increment or decrement in performance . .. that could 
be attributed to either high temperature or high humidity (p. iv)" for an auditory discrimination 
task. 

The previously cited study by Reilly & Parker (1967a) is one of the most comprehensive 
examinations of both simple and complex psychomotor performance under heat stress. A battery 
of 16 tests was developed based on an extensive review of the literature and a detailed 
examination of the techniques of analog simulation (Parker, 1964; Reilly & Parker, 1967b). Ten 
of the tests cover such general areas as muscular control, eye-hand coordination, and pursuit or 
compensatory tracking. As experimental temperatures over the six-hour exposure period from 
980/760 to 102o/84°, two testing periods failed to show performance decrements for the 
following tasks: arm-hand steadiness, finger dexterity, manual dexterity, speed-of-arm movement, 
multilimb coordination, control precision and position reproduction (pursuit tracking), rate and 
acceleration control (compensatory tracking), and movement analysis. An earlier study by 
Russell (1957) also reported no change in pursuit tracking under heat. The work of Lovingood et 
al (1967) corroborates the non-significant findings with regard to arm-hand coordination, and 
Vaughan et al (1968) failed to note decrement in hand-finger dexterity at 1150DB, RH 43. 

A number of studies have reported no significant changes in "mental" performance as a 
function of heat stress. Bartlett & Gronow (1955) presented Ss with a number of cards each 
containing symbols representing aircraft; the "aircraft" were to be perceived as "moving" 
according to a set of rules simitar to those governing chess pieces. Subjects were required to 
decide how many, if any, "collisions" would occur, the "aircraft" involved, and the site of 
collision. Using 60-70° as a control, Ss were exposed to 80o/70o, 90o/80o and 100o/90o 

experimental conditions. The results indicated that "... there was no important effect due to 
heat level ... (p. D." Mayo (1955) compared test scores for two groups of students in a Navy 
electronics course lasting one month. One group studied in an air-conditioned room, the other in 
quarters heated by the summer sun. No significant differences in test scores were found. Two 
experiments were presented by Chiles (1957, 1958) in an attempt to replicate earlier findings 
reported by Pepler. The tast used in both experiments (developed by Mackworth in 1946) 
required Ss to compare each of 20 moving cards with each of 10 stationary cards to determine 
differences in position of a set of six symbols which appeared in varying arrangements on all 
cards.   Experimental  temperatures in  Experiment  1   were 850/750,  90o/80o,  950/850 and 



100o/90o; in Experiment 2 they were 850/750, 90o/80 "i 10o/90o and 120o/90o. Chiles (1958) 
concluded that "In both experiments, differences in performance among the temperature 
conditions were small and not significant (p.89." Fine et al (1960} examined the effects of high 
and low humidity as well as high ambient temperatures on the solution of anagrams. Testing S_s 
immediately after entering and just prior to leaving the experimental situation, they found no 
evidence of increment or decrement in performance. Finally, Givoni & Rim (1962) used a 
two-hour exposure to a 109° DB, - 40 percent RH environment and reported no changes in the 
ability to perform five-digit multiplication, in I.Q. test scores, or in paper and pencil measures of 
emotional stability. 

Decrement 

Decrements in tactile sensitivity have been found to occur at temperatures higher than 86° 
DB (Russell, 1957). Serial reaction times showed a small but statistically significant increase in a 
study by Fraser & Jackson (1955); they concluded that reaction time "... offers s clear-cut 
index of psychomotor change ... (p. 976)" under conditions of heat stress ranging from 90° to 
104° DB with 90-95 percent satuation. 

The first intensive investigation of temperature effects on auditory and visual vigilance was 
done by Mackworth (1946b). Using partially clad, artifically acclimatized Ss, he demonstrated a 
significant increase in the number of visual signals missed at temperatures above and below an 
"optimum" point of 850/750, - ET 79°. Auditory vigilance was tested by gs receiving morse code 
messages; the percentage of faulty messages increased across the ET range 79-97° (Mackworth, 
1946a). Working with naturally acclimatized Ss in Singapore, Pepler (1953) attempted to 
replicate Mackworth's findings and, in general, was able to do so. He reported that error scores in 
both visual watch-keeping (Clock Test) and Morse code reception increased between 81° and 86° 
ET (Pepler, 1958). Bursill (1958), using peripherally presented visual stimuli in conjunction with 
a continuous, centrally displayed tracking task, found that at 105o/95o ". . . there is a tendency 
for the field of awareness to be funneled towards the center. Signals presented at greater 
eccentric angles have a higher probability of being missed in the hotter conditions (p. 113)." 

Studies of psychomotor performance under heat have relied heavily on some variation of 
pursuit tracking as the dependent variable. Again, the early work done by Mackworth (1945, 
1961), who found for the pursuitmeter task ". . . the effective temperature of 86° was the crucial 
point at which performance definitely began to deteriorate ... (p. 195)." Pepler (1953, 1958, 
1960), in a series of experiments, reported essentially similar results except for placing the point 
of initial decrement somewhere between ETs of 81° and 86°; his studies also indicated that heat 
affects both pointer alignment and the number of movements used in tracking. In response to a 
conflicting report by Blockley & Lyman (1951), Pepler later exposed Ss to a temperature of 
116 7105° and again demonstrated severe decrements in psychomotor performance (Pepler, 
1959). The study by Blockley & Lyman (1951) is itself of some interest, since it constitutes one 
of the few efforts directly relevant to pilot performance under thermal stress. Using 80° DB as a 
control temperature, they tested the ability of experienced pilots to fly standard "flight" 
patterns in an aircraft simulator under temperatures of 160°, 210° and 235° DB (20-30 percent 
RH)' They concluded that: 



"Though differing in level of competency or skill in the task, no subjects showed a 
change in proficiency within 80 minutes of "flight" in the comfortable environments, but 
under heat exposure showed marked deterioration of performance in the terminal stages, 
commencing from four to thirteen minutes prior to the termination of exposure, the 
amount of deterioration, i.e., the increase in error per four minute cycle of the flight 
oattern, was greater in the high temperature exposures than at 160° F. At 200° and 235° F 
the deterioration was markedly greater and began sooner from the two less competent 
subjects (p. iii)." 

The piloting task used requires almost continuous scanning of instruments, and the fact that such 
"timesharing" behavior is susceptible to heat stress is confirmed to some extent by the findings 
of Reilly & Parker (1967a). They found decrements in performance in a time-sharing task and 
also in a task requiring Ss to predict the position of a target which disappeared at random 
intervals during its progress across a CRT tube. Rotary pursuit tracking was studied by Teichner 
& Wehrkamp (1954) using exposure times of 25 minutes with five-minute test periods. 
Controlling for fatigue effects, they found timeontarget scores were significantly poorer at 
temperatures above and below 70° DB. Finally, Pepler (1960) investigated the differential effects 
of warmth, glare and a background of quiet speech on pursuitmeter performance. He found that 
heat significantly increased the number of pointer movements (corrections) made and decreased 
overall accuracy. 

Using the "complex mental task" previously described in the studies by Chiles in the "No 
Change" section, Pepler (1958) varied speed of presentation and ET (76, 81, 86 and 90°) and 
found once again that the least number of comparisons were missed at an ET of 81°; at the 
slower speed of presentation, more omissions were made under the hot conditions. In a study 
designed to determine the effect of high ambient temperature on ability to recall aurally 
presented messages, Wing & Touchstone (1965) exposed Ss for one hour to ETs of 72, 90 and 
95°. Subjects worked continuously during the session, and "The results showed that average 
recall dropped significantly as environmental temperature was increased. The recall decrement 
between 90° and 95° F was statistically significant, but the drop in recall between 72° and 90° 
was not significant. Messages of all types suffered approximately equal decrements under high 
temperatures (p. iii)." 

Whether or not they can be said to validly represent complex "mental" activity, such tasks 
as simple addition and number checking have been shown to be affected by thermal stress. 
Performance decrements for these kinds of tasks have been observed under conditions of high 
ambient temperature (Blockley & Lyman, 1950) as well as situations involving raised body 
temperature only (Whilkinson et al, 1964). Finally, there are a number of studies (Fox, 
Bradbury, Hampton & Legg, 1967; Bell, 1965; Kleber, Lhamon & Goldstone, 1963) which 
suggest that even the subjective perception of time may change as a function of increased body 
temperature. Fox et al. found that ". . . despite large individual variations, group mean- time 
judgments shortened (i.e., the internal clock speeded up) as body temperature increased." (p. 88) 



THE CONCEPT OF "THERMAL STRESS" 

Beginning with the title, the term "thermal stress" appears frequently throughout this 
paper. Because the conceptualization of any phenomenon strongly influences subsequent 
research, it is necessary, at this point, to examine the various definitions of thermal stress. 
Basically, there are three: 

1. Thermal stress is a set of environmental parameters (dry bulb and wet bulb 
temperatures, air velocity, radiant energy, etc.) whose values either (a) exceed some 
subjectively determined "comfort level" or (b) lie at the extremes of some empirically 
determined climatic probability curve. 

2. Thermal stress is a set of quantified physiological responses whose values lie outside 
those established as "normal" under "comfortable" environmental conditions. 

3. Thermal stress is a condition generated within an organism through exposure to high 
levels of heat and humidity and is evidenced by the organism's "abnormal" physiological 
responses. 

It is obvious that definitions one and two actually constitute a single operational definition 
of thermal stress. There is a difficulty here, however, in dealing with the hypothetical conditional 
statement implied by the definition, viz., 

[f abnormal physiological responses are present, then the environmental parameters 
used constitute a thermal stress condition. 

As long as the rules of logic are observed, there can be no formal objection to this "if then" 
formulation. Two errors of logic, however, are frequently committed, and both can lead to the 
type of situation found in the literature review. 

The first error, denying the antecedent, results in this conclusion: 

JX there are no abnormal physiological responses, then the organism has not been exposed  to 
conditions constituting a thermal stress. 

The second error, affirming the consequent, leads to this type of statement: 

J_f there are present certain values of environmental parameters, then the organism will 
exhibit abnormal physiological responses. 

To avoid the above fallacies, the present author adopts the following definition of thermal 
stress. 

Thermal stress is an inferred state within the organism, occurring under those levels of 
temperature and humidity which are sufficient to produce a statistically significant 
decrement in the organism's ability to perform a specific task. 
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This definition embodies two of the major themes of this paper. 

1 Conflicting reports in the literature on the effects of thermal stress on performance 
are due largely to a failure to agree upon values of heat and humidity which constitute a 

"thermal stress." 

2 More emphasis should be placed on the effects of the thermal environment on 
psychological functioning as measured by performance on specific (and preferably complex) 

tasks. 

Since the author's definition is provisional, in the remainder of the paper "thermal stress" 
can be nominally interpreted to refer to a set of environmental stimuli which include dry bulb 
and wet bulb temperatures, air velocity, etc. The goal remains however to shif from an 
emohasis on stress to a focus on strain as defined by performance decrement, regardless of the 
actual levels "STthe thermal environment. A further discussion of this subject appears in the 
Conclusions and Recommendations section. 

SELECTION OF VARIABLES FOR FUTURE RESEARCH 

Taken as a whole, the literature reviewed provides no clear-cut criteria upon which to base 
predictions of mental or psychomotor performance under thermal-stress conditions The basic 
Tack of agreement between the various studies is primarily the result of a generalized fa.lure to 
tandadze experimental conditions. The use of a wide variety of temperature levels, exposure 
mes ec makes any direct comparisons of results difficult. The studies can however, be 

pmmably examined under the following assumption: if the application of differing ^Mor the 
omission? of an experimental variable leads to conflicting conclusions regarding PBrformance 
Ten he effects of that variable must be controlled and accounted for in future research (see 
summary in Appendix B}. In addition to specifying the parameters relevant to a general program 
of hTat It ess research, the remainder of this paper provides some rationale for choosmg specific 
levels of tables3 to be used in a future study. The factors to be ^^^rZ'TLt 
environmental, or subject variables, and are evaluated, wherever poss.ble, in terms of their 
independent effects on performance. 

ENVIRONMENTAL VARIABLES 

Indices of Stress 

Much of the controversy regarding the effects of thermal stress stems from a failure to 
consider "heat" as a complex stimulus. Heat stress, as experienced by the human organism is 
actually a result of the body's integration of the effects of (1) air temperature, (2) humidity, (3) 
air movement and (4) radiant heat. As Minard (1964) pointed out; 

"A comprehensive index of environmental heat stress must evaluate the four physical 
factors of the thermal environment in the proportion to which each will effec the 
exchanges of heat by radiatign, convection and evaporation between the human body and 
its environment under varying conditions of skin temperature and skin wetness (p. 31. 

The developmental history of attempts to construct such an index began with the use of wet 



bulb temperature as the single explanatory factor (Bedford, 1961). The availability of 
increasingly accurate instruments and measurement techniques, in conjunction with subjective 
reports of thermal comfort, led to the subsequent inclusion of the remaining three factors (dry 
bulb temperature, air velocity, radiant heat). Usually, the addition of each new factor resulted in 
a newly titled index, and the proliferation of these indices is in part responsible for some of the 
difficulty in comparing studies of performance under heat stress. The terms "heat' or "high 
ambient temperatures" are frequently used by experimenters to refer to only one or two of the 
rour components involved in the production of "stress." Many authors, for example, report 
experimental temperatures in terms of wet and dry bulb readings only, and give no information 
about air movement. Some studies list effective temperatures but provide no wet or dry bulb 
figures; others report dry bulb temperatures only, without reference to humidity. With the 
exception of Joy (1967), none of the studies previously reviewed attempted to assess the possible 
significance of radiant heating effects. Because of a number of different thermal-stress indices are 
still being employed, a chronology of their development and a brief description of each is 
provided in Table 1. It should be noted that these indices are primarily concerned with the 
physiological impact of heat on man's ability to work, and in cases where a particular index value 
serves as a limiting factor for performance, it is generally physical performance which is being 
referred to. Descriptions of the indices are adapted from more detailed reports (ASHRAE Guide 
and Data Book, 1965 1966; Bedford, 1961; Hall & Polte, 1961; Minard, 1964). 

In examining the various indices in Table 1 it becomes apparent that all are based, to some 
extent, on the previously described concept of physiological adequacy. As such, they are 
concerned with the metabolic heat loads generated by various thermal environments; these loads 
are usually assessed indirectly by the measurement of physiological parameters including heart 
rate, rectal and skin temperature, sweat rate, etc. Table 2 (Yaglou & Minard, 1957) provides an 
example of the relationship between the many indices and one such physiological measure. 
Unfortunately, correlation coefficients of this magnitude are seldom, if ever, obtained between 
performance and physiological responses. 

With reference to the selection of a particular index for research in heat stress, the ASHRAE 
Guide and Data Book provides the following summary and recommendations: 

"There is presently no one proven method for combining all of the component heat 
loads into a single value that would accurately indicate the degree of heat stress as perceived 
by an individual working or resting in a hot environment. The difficulty lies in the inability 
to simulate human response. Physical instruments can accurately integrate, but the human 
body has the ability to differentiate between component thermal effects and to make 
prompt adaptive changes which the instruments cannot do. Nonetheless, each of the indices 
will supply valuable information on which to base an informed opinion. The index or 
indices selected for use should depend upon the nature and extent of the problem, the 
equipment and facilities at hand, and the availability of personnel trained in the field of 
thermal stress (p. 107)." 

Since this advice is somewhat general, let me give an example of how one might go about 
selecting a specific stress index. In the process, problems of selection criteria will become 
apparent. I have chosen as an example the WBGT index. In a prospective study, the selection of 
this index could be substantiated as follows: 

a, In the presence of a radiant heat load, the globe temperature (GT) represents the 
balance between heat gained by radiation and heat lost by convection; in effect, it integrates 
radiant heat, air movement and air temperature into a single reading. This GT reading used 
in conjunction with a WB thermometer takes into account the four physical components of 
the thermal environment without requiring a separate measurement of air movement. 

10 

 .-.-■..,-:. ^^- v.-:::------^ ^-t.;vr.^>fr MMM—M 



c 
E 
E 
o 
o 

CO 

2 * 
\-     o 

I/I 
0) u 

'■5 c 

D 

> 
O 

G 

x 
•D 
C 

o 

's« 
5- £ -* a >«_ 
^ o ^ 2 *- 

is aQ sf 
« c c ■"= o» 

o jS 

c o 
o *- 

l.-i 
R 3 ^^5 

o 2 s -o 

~ E <= ,- fill 
c ♦- c c 
C   u   0) — 
R A E ^ 

— t w aj 

5 ♦- T a, 

i ° Q. C OJ 
E  .c Q) 
52 u 5 

O  5 ^ 
M  c c 

O § J i 
**   O  4* S 

3 j D a 
■- ? E ' I 5 E £ 

.=   <J   o 

< ™  2-S 

c 

O    i 
J - 

CO 

ill 
oil 
t5 i 

I1 
0)  £   u 
k-   F    o ill 

|||   30 

>   a,   ^O     C 
in ^ 

^5 SooO   g^ 

2 S-2?2 

2; o o-55 ts 
3 ™ C 3 O _ 
9i <_i       ^   ^   C 

S.B.S "^ E 
a» _ 'G ü E 
«. E 5 2 t u 
§ P 1 « 5 iS 
5 5 > o - CD 
c S'.i: | ««^. 

•^ Ä w i_ W c\    . 

8 ^ =^£-o 

«5äSgE.N§0ot;g 

(U 3 
> ra 

k. 

£ 
0) m 

0)  o 

2 a) 

s p ■« to c 

c « 
"J CQ 

p s 

o c 
> 
♦-I 

■6 

£ 
3 

PiÜ 

21 
» ■£ — .S* 
'5 « 
a. S 
£.2» 8 

c 
3 

r y 

a> 
(U 

E 
nj 
p 
c 

»    (A    CO 

"si $ 

o 
^ i/i 
u 2 
^ Si 

R3 
U 

(O   (1) •" 

o 
O) 

I' O  O  p u **   C 

•- ^ o 
« «o 
5J.-Q    . 
.«IS 
«"  c  !r III 3   Q..E 

C 0) 

ü k.   ^ 
c $  C   -    _ o Q. a> c ü c 0 £ fc E C « 

1 
0) 

e !r a» r E o* ^ ü 
■g = -o 

$ u 
ii   5 
9)   O) 

re  3 

Is 
? £ ^ 
S22 E^ 

.9 ^ o 

.Sog 

2 r— 

?! *- 
E re 
0) 4— 

W) 

F *< 

§ oi w k« 

T3 </> 
C TJ re o *^ O) re re 
S>- 

1^ 
8.E 8, 
v* « re 

3   5   "ö 
«-<   L_   —    ^ re u re a 

Si 
c 
0) 

"5.2 

£ 0 

V CD 
£5 

> 

08 

O OJ E  I 

CN ro 
05 

CJ i 

11 



3 
C 

c 
o o 

CO 
< 

c 

E 
£ 
o 
o 

<u 
Q 

"S 
S-> 
0) > 
0) 
Q 

Q 

x 
<u 
•o 
c 

c 

i     I o c 

•iätt $ 
3 ^ E = ^ 
I 

a> = 

2! s E S 
Ü      !>-     ,„      <«      2 

E LU .E v> ^. 

C  so 
5 0 " « 

(u c S — c 
g..o S5 2 

* tt re n) 
g in 
•M o i/> 
-C <u 
v^- ■D 
o 3 
OJ tt 
a 0! 
£ 

IS sisil 

i ^ 
a. oi 

E^ 

I 
a  . 
a £ 
*- w 

!! 

.9 t5 

.2 | 
re u 
>-  re 

|§ 
a c 
&o 

•a 
ID <-> 
re 

_3 
re 
IS 

i in 

F E 

0) ^ 

s s 
■- c 
«- o 
3"0 

^ 2 

£ « 
»f? 

re i_ 
»  3 

♦^   3 re »^  o 

1^2 
M  p  re 

- s s 

■E 0 >; 
■^ S x o '■ö «u 
S  §.«2 
4^       a. 

2^ ^ .50 

^t ^ T3 
c i2 c 
o  ,«  g 
£0- 

E r 
3 a> 
b F 
X 
re 

c 
0 

E > 
0 c 

0) 

*-• a> 
s 
E 
c 

J3 
re 
w 
0) 

0 O 
k. •<-' 
> ••-' 
0) a> 
c 
> 

*-> 
0 

c 
_      5 re       o 
= « c 
?. 

«»   'C 
c « > 
— 5 >- en o o 

C   0)   QJ 

2 3||| 

2 re 

w 5 £ *-• > re 

re ^ 
£ .£ 

£ .£ 
ü 're 

a c 5 a 
8» S £ »5 
t nj re 
3  u CD '- 
"öiO y 

♦;  I«  re 

qlg « 
ü Q.5 E 

c 

I: 
in 

en 

re 
o 
01 
o 

QJ .2 
"O   in 

-  Q.S 
Q- t^ 

i*,- kA.    v^    ^^ 

LU o a> 

OOQ  S 

S u l.a 

IS**-: 

11 
re «> 

.£? 

0)  *- 

is 
aT3 
wo 
c c 

— re 
«» «>    . 

re 

c 

re 
c 
o 
'^ 
'•5 
■0 
re 

^5 OC   3? 

re C 
E.2 

■s +■« 
tn 2 
QJ £ 
>- '*3 
O v) 

>P QJ 

V) re 
5 > 
~* % 
S S o.£ 

-C ^   O» {j, 

t; .2 ^ .c <« 
£ >- u ^ .S? .2 5 JS re re 

■g *-° 2 « 
I.? I 5 » 
■a >.^ s _ 
■i ■£ 0 ^ o 
c   QJ   C T3   QJ 

- •£ ■■5 J) € 

m o f ^ ^ 
«*-   OJ   QJ   O   o 

c 0 Jr. <" 
o .0 o)2ä -Q 
^ ^ .£ a> QJ 
re -D »^  E X 

n      S: "S 'S P t 
5      T5 = « E « 

O   O -D   QJ = 
5 .£ a £ -I 

•D 

"S 
OQ 

" « "55 S 

H .ff £ « 
u ^ o -c. 

= E     ^ 

g'w «, § E 
3 .5 aJ 2 <-> 

■2 ^o 8 - QJ c tJ 0 o 
I c a: § § 
Q •5i LU -^ 42 

§>.£ 

o O 

re tS 
«> >- 
Si <-• 
?S 
o 
Q)"2 
s £ re re 
^   QJ   nj 

.> 2« 
a: 9-w 
LU  E  c 

♦- _ re 

I 2 c 
w.£ 2 

2 
o 

s 

(A 
c 
o 

1 
a 

.£ «f 
QJ 

2S 
en re 

QJ 
QJ   > 

QC£ g 
s?;.£ 

52re 

si re >!. 
O re 

:> 

o   ™ 

il 
T3 a 
«> ■— 

■9 c 

O re 
•C •«-■ ♦J _ 
QJ ü E^L 
QJ   QJ   O 

■P -P   O 
re  3 +-> *- <-< 

re 

f| 
H- 2.1 
o S te c *- a 
0 o X •C £ QJ 

fi   QJ -C .t; ir w 
b "^ 
re re oD 
S« c 
OJÖ 0 

■S   QJ ^ 

III 
QJ   » 

|.£ 

c 2 
o tt 

■o 

äL.£ 
QJ re 
>    QJ    l- 

ll| 
C '♦-    ' 
QJ    O  ^ 

IS    W 

2 E o 

E^S 
«■9 2 ||i 
£ a QJ 
c  QJ 

2 = 
g'.y 
E9 11 

1- >. 

cfo o 

111 
ilö 

s«s 

D^2 

E r: re 

O   >-   QJ 

re > c 

tö £ > re re 
O    k. 

O« 
"o a£ 0 « 

8. 

£ 
re 

$■* 

CM 
in 
O) 

2 X re 

S ¥ tS 
QJ li 

C
E

T
 

(c
or

re
c 

ef
fe

ct
 i\

 
te

m
p

er
 

C
ra

ig
 1

 
o

f 
S

tr
a 

P
4S

R
 

(p
re

d
ic

 
4-

h
o

u
r 

ra
te

) 

12 

^^MMMHNäiJMiiiiiiiUiiliiiM ■••'"';j""r     



"8 

C 
O 
o 

LU 

CO 
< 

c 

E 
E 
o 
o 

1 

x 
0) 

■o 
c 

v> 

2 
«   0) 

6 x 
0) 

JO  m 

>^ 

ig 
re > 

^§ ■D  ü 

li 

a 
w»   P   A «to» 

js re in 

"" CO i^. 

^: o a «/»*'*-< 

£ « E S 
.2 8 S .= 

a > <« o 
re .— n. ♦* 
g  re  O  j2 

■o £ si 1 ? .2 2 re Q. *< c 

c 
g 
re 

s 
E 
o 

c 
o 

> 
C 

C  O 2  = 

0) 
3 a 

•_ 'S ü i> .= c      <t- 
«o «•   .'S 

a 2 I? 
a> 3 re .E 

1 
c 

1 

08 

n> 3 
!•" O 
> o> 
0) re 

Q > 

S s re O) 
O 

01 c X 
■0 u 

4^ 
a> re 
OQI 

in 
in 
0) 

9) 

■« 2 .1 o 
t> $ "O '^ 

en * 9-5 .i2 
rj ^0) aj c re 

0) 

tt ^^ 
♦- X __ re 0) 

(0 i) ■0 
I X c 

111 
re o "2 ist i_  nj 

re AJ a) 

!li 
Q> ♦- E ti  re o 
2 « 8 
4=   ^     3 c £ -c —  re «^ 

re ' S u a) 

s o 2 re ♦- *^ 

re 

o S 

C   c 

II 
a)    : 
X   0) 

E g.«2 
0) —  r- 

^ £»- 

re — § 
3  re 3 
ST— O 

^42 
^ I- 
1° li 

♦- ._:  a» 

.£•0 
?! 

a> ♦- 
c re I1 
o ** 
E = re 

re  re 

O.E 

X 

0) 
1-  c 

>- X 
re *- 
*- c 
o 
1^ 

u 
CO SS 

2 > i -A 
^ c 
V)    0) 

ll 
1! (/>  o 
re**" 
re  g 

81 
2 a: 
X Ul 

E o 

P (0 

Ere 

«I 
O '" 
C .£ 
V) X 
0) h- 

C   0) 
re > 

0) > o u 
CO 

+ 
CO 

5 
2 
3 *•• 
re 
c 

r*. r». rx 

11   11   11 

I- t- 

CO CO 
55 

+ + 
1- 00 

CD    4^ 

S| 
^ o 

5 a 

c 
0) 

£ ~ -2 
= c  o> 
•D    2  M- 
O a> O 

(A 

> 2 "o 
0) 

o "•' 
O   w 
._   O 

3 
o 
re > 

</>   O 

a 
CO 

5  
S «- CN4 n 

E*p    ^    w 

« 0 «« 
^«| 

.£ c .2 
«> S re 

•2.£ 2 
.3 x u. 
1. ♦;  re 

^€8 

3 
_o _ 
O) re 

>   0) 

5^ 
"3 B 

00   $   o -D 
^lö^E 

13 



ma 

c 
0) 
e 
E 
o 
u 

"S 
C 

C o 
o 

LU 
_l 

< 

C o 

5i 
O 

0) 
Q. > 

> 
Q 

Q 

21 5 S ax: 
«5 g 
•c 3) ^ö 
oC « 

— ^ t: 
«   m   0 

S| 8 
&s | 

re .Q 

w> u S 
" .E "£ c 'B _ 

.y S' c « .. tt s - 
S! S? o 

0 % 
E-2 

VI 

0)   0) 

I* 
CD    4^ 

a) (A 

o 
c 

a. S 

Is-. 
5 23 

X3 

1 o 

-fee 
.SC -i S 
X   tn   «0 

? § !5 
""   t   <n 

Si" 

I—   O   « 

SSI 
E.E o 
C  <u   </) 

O) CM 

u) 

o ^ 
u   Q. 
O     > 

8^ 

8.1 

(0  ^ 
<D re 
^ 2 

0)   w  ^. ^ o — •w *. ^ 

c to 

(0 

a> > 
!= re 2 5 

x 
0) 

■D 
c 

14 

l"" -r ■fi.-^:-tr-^- .-L tmi^f—#^w.^-».-.-... ■, 



TABLE 2 

Correlation Between Heat-Stress Indices and Evaporative Sweat Loss 

Correlation Coefficient with 
'n(tex EvaporativR Sweat Loss 

ETR .7899 
CET .7839 
WBGT .7798 
Globe Temperature .7232 
ET (normal scale) .6943 
Dry Bulb Temperature .5595 
Wet Bulb Temperature .4606 

b. Field tests of the WBGT index have proven it to be highly reliable in predicting 
decrements in physical performance. In 1954, Yaglou & Minard conducted tests on Marine 
trainees and found the index correlated well with a number of physiological measures taken 
during the training exercises. Subsequent summer studies at test stations in Arizona (dry 
heat) and Florida (humid heat) confirmed these findings. Additional trials in 1955 at the 
Marine Corps recruit training Depot (Parris Island, South Carolina) resulted in the adoption 
of the WBGT index in 1956 by the Training Command at that installation; it replaced an 
index then in use which was derived from air temperature and humidity alone. Under the 
new program, vigorous training of new recruits (first three weeks of training) was suspended 
at WBGT readings of 85° or higher; at WBGT 88° or above, vigorous training exercises were 
suspended for all recruits. Despite hotter weather in 1956, the incidence of heat casualties 
dropped to 1/3 of the 1955 figure. In 1957 the NASNRC subcommittee on thermal factors 
in the environment included the use of WBGT levels in controlling physical activity and 
preventing heat casualties at British Air Force and Naval training centers. In 1960 the 
Marine Corps ordered the use of the WBGT index at all bases whe'e unacclimatized trainees 
undergo physical training during hot weather. Finally, at a conference held in October 1966, 
members representing USANLABS, USAERDL, and USAHEL agreed to adopt the WBGT 
index to specify permissible levels of heat in Army helicopter crew stations. 

c. Instrumentation for obtaining WBGT is relatively inexpensive and quite reliable. The 
British Army is currently developing and testing a prototype WBGT meter which will allow 
direct readout of the single index value (Peters, 1967). 

d. WBGT correlates highly with two other indices currently in use, the CET (.9983) 
and the ETR (.9768), and will thus provide some basis for comparing results from the 
present study with those reported by other investigators. 
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Having selected an index, there remains the problem of specifying the values of that index 
to be used in the experimental situation. In applied research, index values can generally be chosen 
on the basis of those which (1) are reported in the literature as correlated with and relevant to 
the type of performance under study, (2) are capable of being duplicated and controlled 
accurately in the laboratory, (3) permit subjects to perform for the required times (do not exceed 
physiological tolerance times), and (4) sample a range broad enough to allow some generalization 
to operational situations likely to be encountered in the "real world." In addition to these four, a 
fifth criterion is necessary when selecting WBGT levels, due to the structure of the index itself. 
The computational formula, WBGT = .7 WB + .2 GT + .1 DB, indicates that (1) as long as the 
weighted sum remains constant, any or all of the component WB, DB and GT values can change 
without changing the WBGT index number itself, and (2) any change in the sum, however slight, 
will result in a new WBGT number. Thus, criterion 5 states that when selecting WBGT levels for 
heat-stress research, the investigator must not only know the relationship of the index value to 
the performance being studied, he must also justify his selection of the particular combination of 
WB, DB and GT used to generate that value. Prospective WBGT values, for example, of 85°, 88°, 
90° and 101° could be chosen on the basis of the five selection criteria as follows: 

1. Laboratory and field studies have reported decrements in both physical and 
psychological performance associated with temperatures in this range. 

2. WBGT values of 85° and 88° have already been widely adopted as upper thermal 
limits for moderate and heavy physical activity as well as for specifying permissible 
crew-station heat loads in Army helicopters. The studies which provide evidence for 
adopting such values are not directly applicable to pilot performance, but they do suggest 
that   85° and 88° are productive starting points. 

3. These WBGT values can be accurately administered and controlled within most 
environmental test chambers available. 

4. Previous research indicates that no problems will be met at 85° and 88° with Ss 
engaged in a two-hour performance regimen involving little or no physical labor. It is not known 
at present whether the 90° and 101° conditions can be tolerated physiologically for this 
period of time. These extreme values are included (a) to bracket the upper limits for 
unimpaired mental and psychomotor performance, and (b) because these temperatures have 
actually been recorded in helicopter cockpits under summer flight conditions (Moreland& 
Barnes, 1969). 

5. Some data is available for choosing values of WB, DB and globe temperatures for 
each of the WBGT levels. Table 4 lists these values and the source from which they were 
obtained. 

It can be seen from the example that a rigorous and comprehensive selection of WBGT levels 
is somewhat difficult at present. The difficulties are due, in part, to the fact that worldwide 
climatic data is available for only two of the three WBGT components; viz., dry and wet bulb 
temperatures. This data is presented as probability curves for the joint occurrence of the highest 
wet and dry bulb readings, in the hottest areas of the world, during the hottest months of the 
year. What is needed to establish true index values for the WBGT scale is an expanded set of 
three-variable curves representing the highest values of solar radiation which occur in conjunction 
with existing wet and dry bulb values. Fortunately, worldwide solar-radiation data is currently 
being collected and, when available, should measurably increase the validity of the WBGT index. 
Given comprehensive solar radiation measures, it should be possible to accurately estimate (at 
least 90 or 95 percent confidence level)  the highest ambient WBGT values for prospective 
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pilot/aircraft operating environments. Once the reliability of such estimates is established, it will, 
of course, be necessary to determine the correlation between outside and inside crew-station 
thermal enviroments. These correlations will, in turn, permit the specification of more realistic 
design parameters for crew-station thermal environments. 

TABLES 

Component Values for Selected WBGT Levels 

WBGT        Component Values (0F) 
No. WB GT DB Source 

85° 
87.00 73.00       95.00 

69.00       123.50     120.00 

88°       78.60       114.40     100.90 

90°       88.99       100.14      97.00 

101°       95.10       122.20     106.70 

Each set of figures represents a point on a 
psychrometric chart (USAERDL, 1956). 
The straight line connecting these points is 
the "Outside Design Curve" adopted by the 
Army committee on aircraft crew-station 
thermal environments (USAHEL Memo, 
14 Dec 66).   The curve is based on a review 
of high temperature extremes in AR 705-15 
and MIL-STD-210A, with modifications 
suggested by the Joint Army-Navy-Air Force 
Manual (TM-5-785) and USAF Climatic Center 
curves.   In essence, the curve represents the 
probabilities associated with the joint occurrence 
of WB and DB temperatures during the hottest 
months, for the hottest areas, worldwide 
(McDonald, 1964). As such, it includes the 
highest values recorded in Viet Nam (Natick 
Labs, 1953; Martorana, 1966). 

Based on actual flight measurements of U. S. 
Army aircraft cockpit temperatures (Joy, 1967; 
Moreland & Barnes, 1969). 
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Exposure Times 

In addition to using a variety of experimental temperatures, investigators have also 
employed exposure times ranging from 17 minutes (Blockley & Lyman, 1951) to 6 1/2 hours 
(Reilly & Parker, 1967). The selection of exposure times has been dictated by practical rather 
than theoretical or empirical considerations. Thus, at extremely high temperautes and/or 
humidities, physiological tolerance and requirements for subject safety are the principal 
determinants for length of exposure. In more moderate thermal environments, those known to be 
physiologically tolerable for specific times, exposure time is determined by such factors as the 
time required to complete the assigned performance task(s). Even these relatively gross criteria 
have not been applied consistently, however, and the inability to do so stems primarily from the 
failure of researchers to agree upon just what constitutes an "extreme" or a "moderate" thermal 
environment. The problem is further complicated by the existence of such variables as degree of 
subject acclimatization (discussed under subject variables), which affects both physiological 
tolerance and the ability to perform. In general, conflicting reports on performance decrement 
are partly attributable to: 

a. Treating exposure time as a dependent rather than an independent variable; i.e., 
allowing thermal conditions to dictate the length of time subjects remain and/or perform in 
a given situation. When subjects are unable to remain in one or more experimental 
conditions for the prescribed time, the resulting information on physiological tolerance, 
however valuable, is gained at the expense of losing performance data. An example of ihis 
type of loss occurred in the early work of Viteles & Smith (1946). Using tasks simulating 
the operations of naval plotting and chart room, they found no adverse performance effects 
at ETs of 75° and 80°, At ET 85°, performance decreased only slightly although Ss 
reported feelings of annoyance and marked discomfort. At 94° ET, "Marked irritability, 
dizziness, visual blackout and nausea became increasingly common (p. 107)"; none of the 
subjects was able to complete the tasks. Wing (1965) noted that "Physiological tolerance 
limits for men exposed to high ambient temperatures have been available for nearly two 
decades. It has long been suspected, however, that human performance deteriorates well 
before physiological limits have been reached (p. 960)." Experiments in which subjects are 
unable to complete the task(s) add little in the way of quantitative evidence to support this 
"suspicion." 

2. Using equal exposure (tolerance) times as a basis for equating thermal conditions. 
Blockley & Lyman (1951), using temperatures of 160°, 200°, and 235°, RH 40 percent, 
found little effect on Ss' performance until five to six minutes before they reached their 
physiological tolerance limits. Pepler (1959), in a quasi-replication of the study found that 
"It was technically impossible to maintain the very high air temperatures and low humidity 
of Blockley and Lyman. It was decided, therefore, to use a humid climate which Vi/ould 
impose a stress equivalent to their 200° F (93° C) condition, as assessed by the subjects' 
average tolerance times (p. 383)." The resultant "equivalent" condition was 116° DB, 105° 
WB and 100 ft/min air movement. Pepler found that decrements in performance were much 
more severe, and occurred earlier in the testing session. The difference in results is not 
surprising in light of previous discussion of the components of thermal stress. There is at 
present no empirical data to suggest that either the qualitative or quantitative (subjective or 
physiological) stress effects of these different thermal conditions can be safely equated. 

3. Assuming that equal exposure times allow thermal conditions of "equivalent 
warmth" to act with equal effect on performance. Wing (1965), plotting performance 
decrement (at various levels of effective temperature) against exposure times, commented 
on this problem: 
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"Secondly, because the curve is plotted in terms of effective temperature, there is 
the danger of assuming that all the combinations of temperature, humidity and airspeed 
which yield a given effective temperature also produce the same degree of performance 
decrement. This is undoubtedly not the case. Eventually performance decrements should 
be separately determined for a large number of combinations of temperature, humidity 
and air movement and reported in a tri-dimensional chart. However, such voluminous 
data are not yet available ... (p. 963)." 

At present, assumptions regarding the equivalent warmth of WBGT index points, for example, 
must rely on the indirect evidence that (a) WBGT correlates well with ETR, (b) ETR is a 
modification of the ET scale and (c) the ET scale was derived from subjective reports of 
"equivalent warmth" for various combinations of WS, DB and air movement. 

4.   In a prospective study, an exposure time of two hours would be appropriate 
according to the following considerations: 

a. This figure agrees with the average reported flight time for helicopter missions. 

b. It is within the range of physiological tolerance for subjects performing complex 
psychomotor tasks under two of the WBGT levt s selected, 85° and 88°. (In the event 
that the remaining WBGT levels, 90° and 101°, necessitate shortening exposure time to 
less than the full two hours, continuous monitoring and recording of performance will 
still allow accurate comparison of all conditions up to the point of termination.) 

A final factor involved in selecting heat-stress exposure times is the lack of reliable 
information regarding the effects of (a) repeated exposures to high temperatures and (b) 
continuous exposure to mild or moderate thermal environments for periods of several months. 
Previous studies have controlled for such effects by random assignment of Ss to conditions. This 
technique is effective as long as the detrimental effects of thermal stress are assumed to be 
relatively transient and non-additive. Future study should not make this assumption. Instead, the 
experimental design should specify that in addition to being randomly assigned to a particular 
series of temperatures, all subjects receive a 24-hour rest period after each performance trial, 
regardless of whether the trial is designed as "cool" (control), "hot" (WBGT 85°, 88°) or 
extremely hot (WBGT 90°, 101°). 

SUBJECT VARIABLES 

A number of studies such as that by Carlson (1961) indicate that the failure to conclusively 
demonstrate performance decrement under thermal stress is often due to extreme inter-subject 
variability. Carlson noted that "although each individual's performance was consistent, the range 
of performance among the nine subjects was too great to permit definitive analysis of the 
influences (of heat) on vigilance (p. 10)." This variability is the result of diverse physiological and 
psychological characteristics which each subject brings, in differing amounts, to the experimental 
situation. Under the assumptions of random sampling, these characteristics, such as age, physical 
condition, intelligence, etc., are assumed to be equally distributed among experimental and 
control groups. Frequently, however, this assumption has not been met, and researchers have 
often been forced to use whatever subjects were at hand. The acquisition of subjects solely on the 
basis of availability, incidental sampling as Guilford (1957) terms it, has severely limited the 
generality of many experimental findings. Unfortunately, the conditions which lead to 
expediency in sampling are not likely to improve in the near future. For this reason, it is vital 
that the researcher be fully aware of the role played by subject variables in the determination of 
performance. Given a knowledge of the relevant variables, there is an increased probability that 
some controls can be applied, perhaps through modifications of the experimental design and 
procedures, to limit overall variability within groups. 
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PHYSIOLOGICAL FACTORS 

Adaptation to thermal stress involves changes in a number of physiological systems. For 
convenience, these changes are summarized in Table 4, prepared by Fox (1965). More detailed 
descriptions are available elsewhere (Gelineo, 1964; Ladell, 1964; Lee, 1964). 

TABLE 4 

Adaptive Changes 

Mechanism Adaptation 

Sweating 

Cardiovascular 

Metabolic 

Respiratory 

Heat Storage 

Behavioral 

a. Increased capacity* 
b. Quicker onset* 
c. Better distribution over body surface* 
d. Reduced salt content* 

a. Greater skin blood flow* 
b. Quicker response* 
c. Blood flow closer to skin surface 
d. Better distribution over body surface 
e. Reduction in counter-current blood vessels 

a. Lowered Basal Metabolic Rate 
b. Lowered energy cost for a given task 

a. Hyperventilation* 

a. Increased tolerance to higher body temperature 
b. A lower resting body temperature* 

??? 

* Indicates adaptations for which there is agreement regarding experimental evidence 
gathered to date. 

It can be seen from Table 4 that considerable emphasis is placed on those systems most 
affected by autonomic activity 'n response to thermal stress. Caution is needed, however, in 
interpreting the significance of changes in these physiological systems since their activity is, in 
turn, a function of numerous underlying chemical/biological processes. Until more is known 
regarding such areas as endocrine balance and hypothalamic regulatory action, the use of heart 
rate, for example, to represent the entire cardiovascular adaptation to heat will prove less than 
satisfactory for the purposes of prediction. This criticism is not meant to imply adherence to a 
rigid reductionist approach, but only to suggest that increased knowledge of certain molecular 
physiological events may lead to better understanding of the molar processes currently employed 
as evaluative criteria. Since much of the research on endocrine functions under thermal stress is 
too detailed for inclusion in this paper, the following summary from a recent review article 
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(Collins & Werner, 1968) is presented in full; this review provides some indication of the scope 
and complexity of the problems in this area. 

"The pattern of endocrine involvement in the physiological adjustments of 
homeotherms exposed to high-temperature conditions has been examined. Although the 
evidence available is in some respects insufficient and reliance has also to be placed on 
indirect methods, a number of recent studies have contributed important information by 
the direct measurement of blood hormone levels and turnover. Two main aspects emerge as 
being reasonably well understood. One is the neurohypophysial and adrenocortical control 
of water and electrolyte balance, which has been analyzed in some detail. The second 
concerns the level of thermogenesis that is related to the severity of the heat stress and 
involves hormones of the pituitary-adrenal-thyroid system. Moderate or gradual heating 
appears to be associated with a reduced output of these hormones and a suppression of 
thermothyroid activity accompanied by an increase in metabolic activity. 

The evidence supporting these patterns of endocrine response may be briefly 
summarized: 

1. Thyroid activity as measured by lo I uptake and release as well as by histological 
changes is generally found to be lower in a wide variety of experimental animals exposed 
to moderately warm (27-34 C) conditions. This hormonally controlled depression of 
metabolism may be of biological significance for survival in hot climates. For example, 
tropical indigenes appear to possess a lower BMR than residents in temperate climates 
though the depression of metabolism is probably small. Rapid or severe elevation of body 
temperature, however, induces an increased oxygen usage such as may be expected from 
the Van't Hoff effect; a limited number of animal experiments indicate that this is 
accompanied by an increase in thyroid activity. 

2. There is no adequate proof that the supression of calorigenesis during mild heat 
exposure involves a reduction in adrenal medullary activity as it does in thyroid activity. 
In fact, in the bovine and horse (with adrenaline-sensitive sweat glands) the adrenal 
medulla is responsive to heat stimulation. In man (with cholinergically innervated sweat 
glands) there appears to be no stimulation of the adrenal medulla during moderate heat 
exposure, although the evidence is very meager. 

3. Judged by the urinary excretion of adrenal corticosteroid metabolites, it appears 
that glucocorticoid secretion remains unchanged or may be reduced in hot environments. 
However, little reliance can be placed on urinary metabolites as an index of glandular 
activity. In blood, 17-hydroxycorticosteroids are raised when the body temperature is 
elevated rapidly enough; this finding is supported by direct and indirect evidence from 
animal experiments. The effect of prolonged exposure or of acclimation to heat is not 
clearly established. Most investigations indicate that the plasma glucocorticoid level or 
urinary excretion of metabolites is lower in hot climates but this may be accounted for 
by differences in behavior, nutrition, or body size. 

4. In man, aldosterone participates in the regulation of renal and sweatgland losses 
of salt during exposure to heat. Urinary aldosterone levels increase in the heat, especially 
if large salt losses have been incurred. The mineralocorticoid activity of other 
adrenocortical hormones under these conditions has not been investigated. The role of 
mineralocorticoids in other homeotherms exposed to hot conditions has yet to be 
resolved, since sweat losses of salt are generally small compared with that in man; in 
ruminants during dehvdration sodium is excreted rather than retained. It is likely that the 
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renin angiotensin mechanism of aldosterone control is involved when sweat losses of salt 
are large but no direct evidence of this is at present available. The action of aldosterone 
on the eccrine sweat glands of man contributes largely to the reestablishment of salt 
balance after sweating but the time course of response differs from that of the kidney. 

5. Exposure to high temperatures is accompanied by a decrease in urine volume, 
initially as the result of a reduced renal plasma flow. Antidiuretic hormone is secreted in 
increased amounts in animals and man even when there is positive water loading in the 
heat. The stimulus for ADH release may be provided by changes in plasma osmotic 
pressure and extracellular fluid volume. No evidence has been forthcoming to show that 
ADH exerts any action on the sweat glands. 

6. The hypothalamus exerts a central influence on thermoregulatory processes and 
in the stress response, food and water intake, osmorequlation, growth, and reproduction. 
The evidence for hypothaiamic control and integration of these functions in hot 
conditions is discussed in relation to their neural and endocrine basis." (pp. 826-827) 

Despite a lack of information regarding the specific biochemical activities involved, the 
magnitude, rate, and direction of change have been established for such physiological measures as 
heart rate, blood pressure, respiratory rate and volume, body temperature (oral and rectal) and 
rate of sweating. The relationship between changes in these measures and changes in 
environmental heat loads depends largely on the particular physiological mechanism examined. 
Thus, the correlation of thermal index values with evaporative sweat loss is high; with rate of 
sweating, it is low (Wilkinson et al. (1964) have suggested that the relationship is actually 
non-linear). Regardless of the size of the correlation coefficients, however, most researchers have 
continued to select levels of these physiological measures to operationally define thermal stress; 
in this definitional capacity they have been useful primarily in setting thermal tolerance limits for 
subject safety. 

Of the various physiological criteria available, heart rate and deep body (rectal) temperature 
have been most frequently used to indicate the onset of syndromes resulting from overexposure 
to heat (heat cramps, heat exhaustion and heat stroke). Gold (1960) feels that heart rate, 
measured through peripheral venous pressures, is particularly important "because it has been 
noted countless times that the cardiovascular system apparently takes the brunt of heat exposure 
(p. 1175)." Rohles, Nevms & Springer (1967) present evidence that a rise in rectal temperature 
and pulse rate also provides "...a stable index of thermal suess." Explicit statements of precise 
upper limits and/or rates of change for these measures do not appear in the literature, but a 
review indicates tacit agreement with the values shown in Table 5. In the present study these 
values will be adopted, although recent research suggests that in the case of rectal temperature 
they may be conservative (Kaufman, 1963; Pugh, Corbett & Johnson, 1967). 

The data provided by Rohies et al. (1967), presented in Table 6, furnishes a basis for 
estimating whether or not the planned experimental temperatures of the present study will lead 
to Ss exceeding the rectal temperature and pulse limits of Table 5. 

On the strength of their correlation with changes in the thermal environment, numerous 
attempts have been made to relate adaptive physiological changes to concurrent variations in 
performance. There is little argument among researchers that some kind of relationship exists, 
but specifying the parameters which control or mediate its effects has proven extremely difficult 
for a number of reasons: 
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WB(°F) 

97.2 
95.5 
94.5 
91.9 

95.1 
89.0 
87.0 
69.0 
78.6 

TABLE 5 

Physiological Limits for Subject Safety in Thermal Stress Research 

Physiological Mechanism Extreme Values Rate of Change 

Heart Rate (Pulse) 
Rectal Temperature 

140 Beats/min. 
102°F 

TABLE 6 

15 Beats/min. 
.2° /min. 

Mean Pulse Rates and Mean Times for a 2° Rise in Rectal Temperatures 

Effective Mean Pulse Rates Time for 2° 
DB(°F) Temperature (Beats/minute) Rise in Rectal 

(oF) Temperature 
(Minutes) 

Rohles et al. ( 1967) 

100 97.2 124.0 81.1 
105 97.0 120.5 67.8 
100 95.2 107.6 99.6 
105 94.4 109.3 138.6 

Present Study 

106.7 96.8 Ss may be unable to complete 2·hour performance 
97.0 90.8 Ss should not exceed the limits in Table 5 
95.0 89.0 Ss should not exceed the limits in Table 5 

120.0 86.4 Ss should not exceed the limits in Table 5 
100.9 86.1 ~s should not exceed the limits in Table 5 
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1. Effects of physiological change vary with the type of performance being measured. 
Reliable decrements have most successfully been demonstrated for tasks requiring 
moderate-to-heavy physical exertion. In this situation, the expenditure of energy in 
performing places an additional drain on the already overworked physiological systems and 
thus increasingly augments the effects of the thermal stress already present. The picture is 
not nearly as clear with respect to effects of heat on complex mental and psychomotor 
performance since, as Pepler (1960) pointed out: 

"Little or nothing is known, however, of the mechanisms or causes underlying these 
effects. Changes in performance have been observed in the absence of (Watkins, 1956; 
Weiner & Hutchinson, 1945) or independently of (Mackworth, 1950; Pepler, 1958) 
changes in the concomitant physiological indices of an effect of warmth, such as body 
temperature, or the amount of weight lost as sweat (p. 68)." 

2. Because changes in physiological measures and changes in performance have each 
been shown to correlate with exposure to high temperature, it has been assumed that they 
must also correlate with each other to the same extent. Expirical studies have found this 
assumption untenable for many complex performance tasks. Bell et al. (1964), for example, 
reviewed the relation between one physiological response to heat, (body temperature) and 
visual vigilance. They concluded that: 

"No consistent relation, however, has been shown in any of these studies between 
body temperature or changes in body temperature end changes in performance under 
adverse environmental conditions, except that a rise in deep body temperature and a 
deterioration in performance have both been shown to be related to the environmental 
temperature (p. 287)." 

3. Prydiction of performance decrement is relatively good at the upper limits of 
physiological adaptation, i.e., performance decreases rapidly once a subject begins to display 
symptoms of heat exhaustion or pyrexia. As Hendler (1964) summarized: 

"It is obvious that performance and behavior of the individual as an operating entity 
depends upon the functional status of the parts that comprise the whole. As indicated 
previously, exposure of the individual to environmental temperature extremes can result 
in a wide variety of compensatory changes, the overall effects of which can confidently 
be expected to result in performance decrement when the compensation is insufficient (p. 
334)." 

Short of this point, however, prediction is poor, and the actual shape of the curve representing 
performance change as a function of physiological adaptation is unknown. 

A final factor which must be considered under physiological adaptation is that of 
acclimatization. Acclimization is broadly defined as the degree of efficiency of the individual's 
combined adaptive mechanisms in coping with environmental heat loads. More specifically, the 
classical picture of acclimatization iscescribed by Fox (1965) as follows: 

"The main features are a less marked increase in heart rate while working, lower skin 
and deep body temperature, a greater production of sweat and, subjectively, a lessened sense 
of discomfort (p. 66)." 

Fox (1964) also reviewed several studies involving "artificial ' acclimatization of subjects 
(artificial referring to acclimatization other than that achieved through actually living and 
working in a tropic climate). From these studies a picture of the typical laboratory procedure 
emerges: 
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"Hot room experiments have usually followed a fairly well-defined pattern. A group of 
subjects is exposed to carefully controlled climatic conditions for a number of hours daily, 
during which they perform a known amount of physical work and their physiological 
responses are measured in terms of heart rate, body temperature, sweat loss and so on. After 
this initial test, the subjects continue to be exposed to hot conditions for a number of days, 
at the end of which the first lest is repeated. The difference in response between the first 
and final tests shows the cumulative effect or "adaptation" induced by the intervening heat 
exposures (p. 66)." 

Tables 7 and 8 provide examples of various training regimens for climatic chamber and field 
acclimatization respectively. In Table 7 (Allan, 1963), the training period was three hours per day 
for 14 consecutive days under increasingly severe climatic conditions. In Table 8 (TB MED 175) 
the training time, equivalent in work to marching 2.5 miles per day with a 20-pound pack, is 
progressively increased and the environmental heat load remains relatively constant. 

The following summary presents some important points to be considered in controlling for 
the effects of acclimatization in heat stress research: 

1. Acclimatization represents a process of adaptation characterized by reduced 
physiological strain under thermal stress. It is operationally defined by specific physiological 
indices such as sweat rate, heart rate, rectal temperature, etc. As an aggregate of these 
separate measures, acclimatization is still subject to the limitations described previously for 
single physiological parameters; it is necessary in establishing physiological tolerance limits, 
but its utility in predicting performance decrement is best under conditions in which 
thermal stress approaches those limits. 

2. In general, Ss should be acclimatized under the hottest of the experimental 
conditions planned. There is some evidence that adaptation across climatic conditions 
occurs, but the exact amount of transfer has not been established. The Army Medical 
Bulletin mentions this problem and notes: 

"Acclimatization to a hot, dry (desert) environment increases markedly the ability 
of men to work in hot, moist (jungle) environment; however, for proper acclimization to 
the latter, residence with regulated physical activity is required (TB MED 175, p. 5) " 

It has been noted that the effects of vigorous physical training, even in conditions of cool 
ambient temperature, serve to increase acclimatization. Allan (1965) compared the effects of 
training in hot vs. cool conditions and found: 

"Both types of training resulted in a lowering of physiological strjin during a 
standardized heat exposure. The effect was greater for those trained in the hot climate (p. 
445)." 

Other studies concur regarding the facilitative effects of exercise on acclimatization (Carlson, 
1961; Glaser, 1949; Gold, 1961). 

3. For studies interested in measuring performance decrement under some standard 
operational condition involving thermal stress, subjects should be brought to the maximum 
level of acclimatization possible for two reasons. First, in most field studies or studies 
simulating operational situations, the interest is primarily in determining the amount of 
performance degradation which occurs in spite of rather than in the absence of defenses 
against thermal stress. Thus,   in  the present study, the focus is on pilot performance 
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TABLE 7 

Example of a Training Programme (Allan et al., 1963) 

—•    —   -- 
Time 

(Minutes) 

035 
3640 
41 70 
71-80 
81 110 

111 115 
116-145 
146-155 
156-180 

Activity Energy Cost 
(kcals/m2) 

General PT exercises 
Rest 
Circuit training (10 tasks) 
Rest 
Medicme ball exercises/Relay races 
Rest 
Vaulting 
Rest 
Minor team games 

Total for 3 hours 
Mean energy cost per hour 

103.0 
4.6 

93.5 
9.2 

83.0 
4.6 

88.0 
9.2 

88.0 

483.1 
161.0 

TABLE 8 

Schedules of Work Acclimatization 

Moderate Conditions Severe Conditions 

Desert: (air temperature 
below 105oF.) 

Jungle: (air temperature 
below 850F.) 

Desert: (air temperature 
above 105oF.) 

Jungle: (air temperature 
above 850F.) 

Morning Afternoon Morning Afternoon 

First day 1 1 1 1 
Second day 1 1/2 1 1/2 1 1/2 1 1/2 
Third day 2 2 2 2 
Fourth day 3 3 2 1/2 2 1/2 
Fifth day Regular duty 3 3 
Sixth day Regular duty 
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decrement which occurs even with standard ventilation, ad libidum water intake, and a 
subject who is fully acclimatized. Second, full acclimatization for Ss prior to p~rformance 
testing avoids the type of confounding reported by Wilkinson et a1.(1964) in their study of 
heat effects on reaction time and auditory vigilance. They reported that "Results ... confirm 
the development of heat acclimatization over the testing periods ... (p. 289)." This situation 
should be avoided until such time as data linking change and/or rate of change of adaptation 
with performance becomes available. 

4. All §s should be exposed to the full acclimatization training program. A physical 
examination, h•,wever thorough, determines only the "normality" of a ~·s physiological 
adaptive system~; it does not insure that these systems will function adequately under 
extreme thermal loads. Gold ( 1961) has noted this problem: 

"The philosophy of judging heat tolerance usually takes the form of an "index" that 
seeks to expres.o; physiological 'strain' in terms of numbers. The greater the number, the 
greater the strain; the lesser the number, the lesser·the strain. However, inherent in such a 
philosophy is the fallacy that the level of strain by itself can constitute an adt!quate 
evaluation of heat tolerance. At this laboratory it is felt that two questions must first be 
answered before heat performance can t>e properly evaluated. First, to what ei<tent can an 
individual dissipate heat? Second, how great a price must he pay? Indexes of strain can at 
best answer only the second question, and, as such, information obtained from them is 
liable to be quite misleading (p. 144)." 

In concluding this discussion of acc!imatization, it should be noted that whether taken singly or 
as a group, the physiological response of any regulatory system, even in a moderate environment, 
is a function of still other variables which are often overlooked or inadequately controlled. These 
variables, such as the subject's sex, age, nutritional state, and general physical condition, are 
discussed briefly in the following section under the heading of "physical" factors. 

PHYSICAL FACTORS 

Age 

"' old ( 1961) has developed a system for evaluating and selecting heat-stress candidates based 
on two major concepts: ( 1) effective body heat storage, Qe, and ( 2) the index of physiological 
strain, lg Oe is defined as that amount of heat storage obtained if a subject were to enter a heat 
chamber already equilibrated with it and with all heat-dissipating mechanisms fully operating. lg 
expresses accumulative circulatory strain in terms of heart rate alone. From his tests, Gold 
concluded that "The best subjects (usually in the young age groups) show a low Oe and low lg; 
the worst (usually in the older age groups) show a high Oe and low lg (p. 144)." In another study 
(Gold, 1960a), he stated that: 

"In young subjects diastolic pressure often drops to very low levels, where as in older 
subjects there is very little alteration in diastolic pressure and if pulse pressure is increased at 
all, it is usually accomplished at the expense of a rise in systolic pressure · an undesirable 
effect in heat." (p. 938) 
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Gold ( 1960b) also examined the development of heat pyrexia and noted that older persons 
are more susceptible because of irreversible circulatory changes; i.e., " ... subjects are already 
compromised in that they are no longer capable of undergoing a full range of compensatory 
adjustment" (p. 1175) . Further evidence for the importance of an age factor in stress research 
may be found in any listing of "normal" values of physiological functions. A representative 
listing of norms for three physiological indices is provided in Table 9 (Sunderman & Boerner, 
1949). It can be seen that both the amount and rates of change vary as a function of age; it is also 
evident that age indirectly affects heat tolerance by setting limits for the type and amount of 
exercise possible in acclimatization training. 

TABLE 9 

Relationship of Age, Pulse and Respiratory Rates to Body Temperature 

Temperature Pul P. Rate Respiratory RatP. 
( Deg;ees F.) (Per Minute) (Per Minute) 

Birth · 2 years 98 122 30 
~02 141 43 
105 149 50 

2-5 years 98 114 26 
102 135 35 
105 161 44 

5·9 years 98 103 25 
102 128 30 
105 136 37 

9-12 years 98 89 24 
102 117 29 
105 136 31 

Adul t 98 76 17 
102 106 27 
105 136 3A 
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This type of table would be of greater use, however, if the "Adult" values were specified at 
intervals of at least five years and tied to some measure of "physical fitness.·' Until such 
relationships are more clearly established, age will con inue to be an important but relatively 
gross determinant of response to heat stress. 

Physique 

One of the primary physiological mechanisms for heat dissipation is (except in conditions of 
extremely high humidity) the evaporation of sweat. Evaporative sweat loss is a function of air 
movement, humidity, amount of sweat produced and the surface area over which the sweat is 
distributed. The surface area of the skin is in turn determined by the subject's height and weight. 
Thus, matching on these parameters would aid to some extent in decreasing the variability 
bet~en subjects with respect to their capacity for body-heat storage dS well as the efficiency 
with which they adapt to thermal stress. The significance of a subject's height and weight are 
generally overlooked, but their importance is ev:dent in the following description by Gold 
( 1960a) on the calculation of body-heat storage by partitional calorimetry: 

"Figures for the increase in average skin temperature and in rectal temperature ... are 
weighted two-third~ rectal/one-third skin, to yield an overall increase in average body 
temperature. This latter figure, multiplied by the specific heat of the body (0.83) and 
kilogram body weight, yields the number of Calories absorbed. Body surface area in square 
meters is obtained from standard weight-height nomograms. Dividing caloric uptake by 
surface area, yields Calories per meter square body smface; dividing this figure by time, 
yields Calories per meter square body surface per hour (Qs)." (p. 934) 

In this same article Gold also reported that "Overweight subjects frequently respond poorly 
to thermal stress (p. 939). This view is supported by the Army Medical Bulletin (TB-MED-175) 
which states: "The risk of heat injury is very much higher in overweight persons than in those of 
normal weight, and special care should be exercised when such persons are exposed to high 
temperatures" (p. 6). Why this o~curs is not known; but the most frequent explanation is: The 
cardiovascular system, a prime factor in body cooling, is already working harder in obese subjects 
than in norma l ones, and the additional amount of strain produced by exposure to heat IP.ads to 
rapid cardiac overload. 

Sex 

Although to date none of the studies on heat and complex performance have used female 
subjects, it should be noted that there are definite sex differences in physiological reactions to 
thermal stress. In general men exhibit higher sweat rates, greater decrease in systolic blood 
pressure, and greater heat production (Morimoto et al., 1967); women demonstrate smaller 
increments in both rectal temperature and pulse rate (Weinman et al. , 1967) . 
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Nutritional State 

A subject's state of health, metabolic rate and activity level are factors which interact to 
determine nutritional requirements and utilization. Unfortunately, while there are numerous 
graphs indicating caloric requirements for various activity levels, these graphs are seldom keyed to 
the environmental temperatures. One of the few studies available did examine caloric intake and 
energy expenditure under desert conditions, but the tasks involved demanded physical labor only 
(Welch, 1956). Information regarding the type and amount of food best tolerated under 
conditions of thermal stress is currently unavailable. The Army Medical Bulletin (TB-MED-175, 

i 1957) does suggest that in heat stress situations meals should be cool rather than hot, with the 
i heaviest meal served in the evening. This advice pertains primarily to field conditions, however, 
^ and little data is available on how to handle the problem in laboratory studies where conditions 

are more extreme but exposure times are shorter. In contrast to food requirements, there is a 
great deal of reliable information available on the amount of salt and water necessary under 
conditions of high ambient temperature (Army Quartermaster, 1948; TB-MED-175, 1957; 
Wither, 1957). Trumbull (1965) has reviewed this literature and suggests that "Today, there 
appears to be every reason for scheduling food and liquid intake as rigidly as one does the various 
tasks in an operation" (p. 32). Since individuals differ widely in their metabolic rates, such rigid 
scheduling may not be possible initially in laboratory studies. If basal metabolism is measured, 
however, it may prove feasible to equate subjects on this dimension and thus reduce the need for 
stringent regulation of caloric intake per se. In any case, the important point is that whether the 
ingestion of solids and fluids is on a controlled or ad libidum basis, the intake should be recorded 
as accurately as possible for each subject throughout his participation in the experiment. Such 
comprehensive recording and/or control may be difficult, and will often depend in part on the 
rapport established between the experimenter and the subjects (this problem is discussed further 
in the following section on psychological factors). Failure to control or make allowance for 
subjects' extra-experimental intake can result in the loss of important data, as in the case of 
Chiles' 1958 study of the effects of high temperature on the performance of a complex mental 
task. In the hottest (and most interesting) condition, 120oDB/105oWB, Chiles reported that, 
"Two (of the five) subjects who stated that they were unable to complete the runs had included a 
fair quantity of alcoholic beverages in their diets the previous evening" (p. 4). 

Diurnal Cycle 

Basically, the term diurnat cycle (or circadian rhythm, as it is sometimes called) refers to the 
fact that: 

"Daily fluctuations in physiological function shown maxima and minima which occur 
regularly at certain well-defined times of day; when several such trends are demonstrable in 
the same organism, they tend to become entrained under normal conditions of light 
day/dark night so that their maxima and minima bear a fixed temporal relationship to each 
other." (Loban, 1965, p. 219) 

It is not yet known precisely how these biological rhythms are initiated or maintained, nor 
are their general characteristics fully understood. This lack of information is due in part to the 
relatively unpredictable interactions between physiological and psychological factors. As Loban 
(1965) notes: 
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"Man is a complex experimental animal, in that his psychological make-up and his 
proven adaptability tend to insulate him from his natural environment, and it is often 
difficult to be sure that one is dealing with true circadian rhythms in his physiological 
processes rather than the mere manifestations of his activity pattern and emotional 
responses." (p. 219) 

Despite the difficulties involved, some progress has been made. The development of daily, 
repetitive physiological rhythms in infants has been demonstrated (Englemann & Kleitman, 
1958). Such rhythms have also been found to occur in adult human subjects, even in the absence 
of daily environmental fluctuations (Ashoff & Wever, 1962). More recently, there has been a 
growing interest m the antecedent conditions and subsequent responses associateo with the 
disruption of these normal human rhythms, a condition termed "dissociation," In general: 

"Dissociation between human physiological daily trends is best demonstrated in those 
functions which normally display clearly-marked maxima and minima and are little affected 
by minor emotional changes. The most satisfactory rhythms for experimental purposes have 
been found to be those of body temperature and of renal excretion...The dissociations to be 
described have been studied under two main sets of conditions: 1) when the outside 
environment remains relatively constant throughout the 24 hours of the day and subjects 
are asked to live on abnormal time routines, and 2) when the normal 24-hour periodicity is 
maintained in the subjects' activity patterns but changes are present either in the 
environment or in the capacity of the subject to respond to the daily environmental 
fluctuations." (Loban, 1965, p. 220) 

A study by Simpson & Loban (1967) exemplifies research conducted under condition 1 
(abnormal routines). Using adult male subjects, they examined the effects of a 21-hour day on 
excretory rhythms of 17-hydroxycorticosteroids (17-OHCS) and electrolytes (sodium, potassium 
and water). Their results indicated that: 

"...adaptation of the 17-OHCS and potassium rhythms took at least five weeks while 
that for sodium, chloride and water tended to be more rapid but was not immediate. These 
differences in the response of the various rhythms resulted in a loss of their normal 
synchronisation (i.e., maxima about midday, minima at night). A particularly interesting 
finding was that when experimental "days" fell on periods corresponding to deep sleep 
periods at home, adaptation was very slow. 24-hour controls taken at the end of the 21-hour 
day experiment were normal. This indicates the fundamental nature of the 24-hour period 
in the promotion of these excretory rhythms." (p. 1205) 

This demonstration of altered 17-OHCS as a function of change in routine is particularly 
important because of the growing use of 17-OHCS as an index of "stress" (Hale & Shannon, 
1967). Aircraft crew members, for example, depending upon performance requirements, are 
frequently exposed to abnormal routines and/or unusual environments, and these conditions 
themselves may have provided much of the "stress" that has been measured in experiments using 
17-OHCS as an index. 

In addition to changes in biochemical excretions, circadian variability is beginning to be 
associated with changes in human performance in such areas as visual and auditory vigilance. 
Frazier, Rummel, & Lipscomb (1968) tested subjects on systems monitoring, visual reaction 
time, communications and visual stimulus matching over a 14-day period of confinement (not 
isolation). They reported that: 
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" ... Circadian rhythmicity was identified in every measure employed, but individual 
circadian periods showed clear nonstationarity as time progressed, w1th periods ranging 
considerably above a!'ld below 24 hours. This finding raises some questions regarding the 
common practice of using time-of-day control for eliminating circadian periodicity as a 
source of error variability and questions regarding whether circadian variation might account 
for vigilance performance changes previously associated with length of a monitoring vigil. 
The results also suggested that confinement stress can lead to alterations of circadian 
rhythmicity, even when the physical environment and activity schedule are held highly 
constant." ( p. 383) 

In another study, Colquhoun ( 1960) found that the efficiency with which subjects detected 
brief, rarely appearing signals in an inspection task was a joint function the time of day the tests 
were given and the subjects' personality. 

Studies such as this, as well as the type of experimental approach initiated by lberall and 
Cordon ( 1965) suggest that physiological systems may show intra-system variability of a more 
complex nature than previously suspected and point strongly to the need for experimental 
control of diurnal influences on performance. Briefly, some implications of circadian variability 
for thermal-stress research are : 

1. Ss' extra-experimental I ivir.g routine should be monitored to insure that 
occupational or social adaptations have not restructured their "days" and "nights." 

2. Where change in physiological function is used as an index of stress, " baseline' · 
mE'asures of "normal" activity levels should be obtained for those periods of the day during 
which .§swill be exposed to experimental conditions. 

3. Whenever possible, exposure of .§s to experimental and/or control sessions should be 
equally distributed with respect to time of day (or night) during which performance is 
measured; e.g., at least allow for a two-way classification such as: 

AM PM 

Experimental group Performance , 
Scores 

Control group 
, , 

4. If (3) above is impractical, then care should be taken when interpreting differences 
between an "early-morning" control ground, for example, and a "mid-afternoon" 
experimental group. This is particularly important in a repeated measures design; i.e., when 
all Ss undergo all treatment conditions. 

General Health 

There is little disagreement over the thesis that, regardless of the environmental conditions, 
the quality and quantity of an individual's performance is greatly influenced by his general state 
of health. Surprisingly little information is available, however, on the exact effects of the various 
clinical syndromes on specific types of performance. in the case of performance under thermal 
stress, this lack of data compels the investigator to select experimental subjects who are 
demonstrably symptom-free. This selection criteria is particularly important, since one of the 
most generalized body responses to disease is the production of a febrile state. Behavioral 
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manifestations of high core temperatures associated with disease entities appear to be quite 
different than those observed in conjunction with exertion under conditions of high ambient 
temperature; e.g., marathon runners often sustain body temperatures in excess of 103ÖF without 
noticable mental aberrations, while individuals with the same body temperatures due to disease 
have been known to suffer delusions, hallucinations, and even loss of consciousness. 

In addition to its direct chemical-physiological impact on mechanisms involved in 
adaptation to thermal stress, disease can also affect an individual's performance via his response 
to his symptoms; i.e., such psychological factors as motivation may be affected by the subject's 
conception of the type of tasks and achievement levels expected of "sick people.' Thus, one 
subject might perform poorly even if his illness were relatively minor, while another with a 
similar degree of pathology might attempt to "overcome" the limitations of his symptoms. In 
either case the result is a magnification of variability in performance in an area where both intra- 
and inter-individual differences are alread ' large because of the effects of numerous other 
uncontrolled or poorly controlled subject variables. 

Physical Condition 

In a preceding discussion of the role of physiological adaptation systems in the process of 
acclimatization, it was noted that a physical examination of potential subjects generally provides 
information only about the condition of the body at the time of the exam (which is administered 
under non-stressful environmental conditions). With respect to the manner in which the body will 
respond to heat, the exam provides, at best, a probability statement; i.e., it does not insure that 
the physiological systems involved will function adequately under extreme thermal loads. In a 
similar manner, many of the routine tests of "physical fitness" currently employed fail to provide 
the researcher with an accurate appraisal of such relevant factors as: a subject's muscle tonus, the 
amount and rate of muscular activity of which he is capable, his respiratory and cardiovascular 
recovery rates, the efficiency of his oxygen uptake and utilization, etc. Balke and Ware (1959), 
for example, evaluated the work capacity of 500 military and civilian Air Force personnel. 
Measuring the cardiovascular response, oxygen consumption and pulmonary ventilation of 
subjects performing on an ergometric bicycle, these investigators concluded that, according to an 
arbitrary rating scale of work capacity, 42 percent of the test population were in "poor" 
condition, 40 percent "fair", and only 18 percent in "good" or better physical condition. To 
minimize the problems generated in this type of situation, subjects in future environmental stress 
studies should be subjected to stringent examinations: 

1. Capable of evaluating dynamic physical performance as well as static organ 
condition. 

2. Given under at least one of the environmental stress conditions to which the 
potential subject will be exposed, preferably the most extreme. 

3. Administered often enough throughout the study to detect or prevent the onset of 
pathology and quantify the rate of acclimatization for both aggregate and individual 
physiological systems. 
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PSYCHOLOGICAL FACTORS 

It is beyond the scope or intent of this paper to evaluate or categorize the multitude of 
psychological variables which undoubtedly piay some part in the individual's response to 
environmental stress. Instead, the following sections will be limited to relatively brief discussions 
of broad concept areas such as fatigue, skills and abilities, personality and motivation. Within 
each of these areas there are, of course, many problems of measurement, validity, reliability and, 
above all, definition. As Mandler and Kessen (1964) have noted in their examination of the 
language of Psychology: 

"Definitions play a ubiquitous role in any developing field of knowledge; they are 
given the major burden of introducing new terms and of purifying the old ones. It may wet! 
be the mark of maturity for a science that it can dispense with intricate questions of 
definition because its terms are invariant in response to events and within laws and 
theoretical sentences. Until that great time arrives, psychology must concern itself with 
definitions, redefinitions, and other linguistic crutches." (p. 103) 

With the increased reliance upon operational definitions, there has been a corresponding 
proliferation of concepts, each circumscribed by the particular set of operations involved in its 
measurement. Thus, depending upon the number and type of studies examined, there are many 
definitions of "motivation" or "personality" available as well as a number of projective and 
objective tests for measuring their impact on performance. Although each of the following 
discussions is limited to the examination of one or two approaches to a given concept, it should 
be understood that these approaches do not represent a preferred definition nor do they 
constitute ann endorsement of any specific methodology or quantitative testing procedure. The 
researcher must himself assess the degree of "surplus meaning" associated with a given concept, 
derive his own definition, and develop a measurement technique appropriate to the particular 
experimental conditions to be used. The intent here is to emphasize that in the future studies of 
thermal stress the attempt must be made to measure the effects of certain psychological variables 
upon performance. If measurement techniques appear to be inadequately developed or 
unreliable, then these variables should be controlled through the use of rigorous sampling, 
experimental design, and statistical analysis. Though the "state of the art" in measuffement may 
leave much to be desired, psychological variables cannot be ignored. W 

Fatigue 

In his presentation of the Ergonomics Society Lecture, Grandjean (1968) provides an 
overview of some of the problems associated with determining the physiological and 
psychological significance of fatigue. As expected, the first problem is that of definition. 
Grandjean notes that: 

Physiologists very often consider fatigue simply as a decrease in physical performance. 
Psychologists try to consider it as a condition affecting the whole organism, including 
factors such as subjective feelings of fatigue, motivation, and, of course, the resulting 
deterioration of mental and physical activities. The term "fatigue" is thus often used with 
different meanings and is applied in such a diversity of contexts that it has led to a 
confusion of ideas, (p. 427) 
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Grandjean himself favors a neurophysiological definition in which the recticular activating system 
(RAS) interacts with various limbic (emotional) and cognitive activities of the individual to 
produce the symptoms of fatigue. More specifically, he defines fatigue as a retardation of cortical 
activity resulting from either (1) increased inhibition of the ascending RAS"active" inhibitory 
function, or (2) lowered sensory input or diminished corticofugal feedback-"passive ' inhibitory 
function. 

With respect to the symptoms of fatigue, Grandjean states: 

The symptoms of fatigue are clearly seen and clearly felt: 

decrease of attention 
slowed and impaired perception; 
impairment of thinking 
decrease of motivation; 
decrease of performance for physical and mental activities, (p. 431) 

According to a review by Trumbull (1965) however, there are many instances wherein these 
symptoms, regardless of how clearly seen and felt, are not reflected as decrements in subjects' 
subsequent performance. In fact, subjective reports of fatigue often fail to correlate with lowered 
efficiency during task performance. 

Grandjean explains these discrepancies on the basis of external stimuli and heightened RAS 
activity: 

It is most probable that the same alerting mechanism may occur in many test situations 
when we try to measure fatigue: a task which is new and requires a high performance will 
produce in the subject a stimulation of the activating system and will therefore mask a 
previous state of fatigue-at least for a certain time and to a certain extent. This mechanism is 
one of the reasons why many fatigue tests give disappointing results, (p. 429) 

He goes on to present what he considers a productive approach to developing reliable and valid tests 
for fatigue. His method is essentially that of correlating self-rating test scores (from adjective 
check   lists)   with   various   psychomotor   and  physiological   responses   (e.g.,  critical  fusion 
frequencies, grid tapping, etc.). The actual correlations reported are, however, disappointingly 
low despite their statistical significance. 

For example, the Pearson r for grid tapping and scores on the "refreshed-tired" continuum 
is .32 which, when squared, accounts for about nine percent of the variance for these test scores. 
Other correlations of a similar nature tend to support Grandjean's own evaluation of the current 
status of efforts in fatigue measurement: 

35 



In ergonomics, we would appreciate a method which would allow quantitative measure 
of fatigue with comparable results for different working situations. Physiologists and 
psychologists have tried hard to develop such a method, but the results have been 
disappointing until now. (p. 431) 

In summary it appears that in spite of a great deal of research the problem of meaningful 
quantification of the symptoms of fatigue remains. Actually, the methods available for achieving 
this goal do not appear to differ greatly from those proposed by Bills in 1943. He suggested that 
there were four kinds of fatigue which could be recognized and measured by four corresponding 
techniques as shown in Table 10. 

TABLE 10 

Components of Mental Fatigue 

Measurement Method Fatigue Symptoms Task Associated Measures 

Objective 

Organic 

By-product 

Subjective 

Diminished capacity 
for work 

Decrease in energy 

Decreased muscle tonus 
Reduced emotional control 
Increased body movement 

"Feelings" of tiredness 

Decrement in output 
(productivity) 

Lowered metabolic rate 

Amount of lost motion 
Release of uselessly distributed 
tension 

Pre-post self-ratings 
(adjective checklists) 
Questionnaire responses 

In thermal stress research, the problem of fatigue may be attacked by any or all of the 
methods- in Table 10. An alternative approach, however, is to treat fatigue as an intervening 
variable and control for its physiological effects on performance by merely allowing subjects 
suitably long rest periods in which to recuperate from the effects of exposure to "hot" test 
conditions. The psychological effects of fatigue, depending upon the type of task used, can be 
controlled for through the use of randomized group designs and/or the use of pretest 
performance scores for matching subjects. Once performance degradation has been reliably 
associated with known thermal environments, then the causal or mediating effects of variables 
such as fatigue can be further investigated. 
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Skills and Abilities 

In the previous sections on the selection of subjects for thermal-stress research, variables 
such as metabolic rate, physiological functioning, and physical characteristics have been treated, 
for simplicity, as though they were independent. This, of course, is not the case at all. These 
systems do interact with the individual's perceptual and cognitive activities in an extremely 
complex manner, and the significance of these interactions is nowhere more apparent than in the 
area of human skills and abilities. Fleishman and his coworkers have spent a number of years 
investigating the growth and development of human abilities as they relate to the acquisition of 
various psychomotor skills. The remainder of this section is based on a synopsis of this work 
(Fleishman, 1966, 1964; Gagne 8t Fleishman, 1959). Divergent viewpoints on this subject can be 
found in review articles and collections such as that edited by Bitodeau (1966). 

Fleishman begins by defining ability; 

As we use the term, ability refers to a more general trait of the individual which has 
been inferred from certain response consistencies (e.g., correlations) on certain kinds of 
tasks. These are fairly enduring traits, which in the adult, are more difficult to change 
(Fleishman, 1966, p. 147) 

Despite their enduring nature, however, Fleishman does not imply immutability in these traits, 
and readily acknowledges the role of interaction by stating: 

Many of theseabilities are, of course, themselves a product of learning, and develop at 
different rates, mainly during childhood and adolescence. Some abilities (e.g., color vision) 
depend more on genetic than learning factors, but most abilities depend on both to some 
degree (p. 148). 

Defining skill as the level of proficiency on a specific task or group of tasks, Fleishman next 
relates the learning of skills to the abilities possessed by an individual according to the following 
propositions; 

1, Some abilities may transfer to the learning of a greater variety of specific tasks than 
others e.g., verbal abilities (Fleishman feels that the concept of intelligence really refers to a 
combination of primarily verbal skills which contribute to achievement over a wide range of 
activities). 

2. Although human adults show marked learning over time in almost any type of 
specific skill, the rate of learning and the final level achieved are both limited by the degree 
to which certain underlying, basic abilities have been developed through the interaction of 
genetic and environmental interactions. 

' 3. The relative stability of basic abilities allows useful predictions to be made regarding 
an individual's subsequent performance (skill level) on more complex, specific tasks. 

If the above propositions are assumed valid, then the next step is to develop a taxonomy or 
systematic classification of human abilities. Fleishman has done this in the areas of 
perceptual-motor and "physical fitness" performance through the use of factor analytic 
techniques. Table 11 lists the "basic" psychomotor abilities he has identified to date (Fleishman, 
1966). 
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TABLE 11 

Taxonomy of Basic Psychomotor Abilities 

Ability 

Control Precision 

Multilimb Coordination 

Response Orientation 

Reaction Time 

Speed of Arm Movement 

Rate Control 

Manual Dexerity 

Finger Dexerity 

Arm-Hand Steadiness 

Definition 

Factor common to tasks which require fine, highly con- 
trolled, but not overcontrolled, muscular adjustments, 
primarily where larger muscle groups are involved 

The ability to coordinate movements of a number of 
limbs simultaneously 

A factor found general to visual discrimination reaction 
psychomotor tasks involving rapid directional discrimination 
and orientation to movement patterns.   It appears to involve 
the ability to select the correct movement in relation to the 
correct stimulus, especially under high-speed conditions 

The speed with which the individual is able to respond to 
a stimulus when it appears.  There are some indications 
that individual differences in this ability are independent of 
whether the stimulus is auditory or visual and also inde- 
pendent of the type of response required 

Speed with which an individual can make a gross, discrete 
arm movement where accuracy is not a requirement 

Involves the making of continuous anticipatory motor 
adjustments relative to changes in speed and direction of 
a continuously moving target or object.   General to tasks 
involving compensatory as well as following pursuit, and 
extends to tasks involving responses to changes in rate 

Involves skillful, well-directed arm-hand movements in 
manipulating fairly large objects under speed conditions 

Ability to make skill-controlled manipulations of tiny 
objects involving, primarily, the fingers 

Ability to make precise arm-hand positioning movements 
where strength and speed requirements are minimal 
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This taxonomy is presented as an example of one approacli to the problem of individual 
differences in abilities. In actual practice, the use of such a taxonomy to predict performance on 
a specific task, regardless of the environmental conditions under which the testing takes place, 
necessitates gathering the following data: 

1. The abilities required by the specific task to be used 

2. The relative contribution of each ability over time to overall performance scores. 

3. The degree to which each subject possesses each of the "basic" abilities to be drawn 
upon by the experimental task. 

4. The extent to which differential distribution of these abilities across subjects 
mediates learning and final achievement levels. 

If fiscal, temporal, or personnel constraints preclude the systematic collection of this type of 
data, then the researcher should insure that he has a rationale for the selection of subjects based, 
at least in part, on some type of standardized qualification test(s). In some instances such a 
pretest might employ the identical task to be given under the experimental conditions, in others 
it could involve measurement of some ability which has been shown to correlate highly with 
performance of the experimental task. If this procedure is followed, then, as Fleishman points 
out, 

The subjects' pretask abilities become major treatment variables with significant 
interactions with learning trials and with other learning phenomena (Fleishman, 1966, p. 
165). 

In addition, a knowledge of pretask abilities and skill levels allows the researcher, through the use 
of such techniques as multiple regression and covariance analyses, to determine treatment effects 
which occur regardless of subjects' initial levels of competence or rates of learning, i.e., treatment 
means can be more accurately adjusted to reveal the magnitude of performance decrements 
attributable only to changes in experimental conditions. 

Personality 

In their paper on the relationship between personality traits and psychomotor responses of 
subjects performing in high ambient temperatures, Blyth and Lovingood (1964) began by 
observing: 

Many of us have had the experience of watching two or more men of nearly equal 
physical capacity placed in a trying situation, and then noting that one of them quits the 
task, while the other perseveres. It is extremely difficult, if not impossible, to explain this 
difference in performance level solely on a physiological basis. Therefore, the hypothesis 
that some aspect of the physiological makeup or personality structure may be responsible 
for this observed variation in performance is certainly worthy of intense and concentrated 
investigation (p. 241). 

Significant relationships (chi-square analyses) between the variables measured by Blyth and 
Lovingood are shown in Table 12, reproduced in its entirety from their 1964 article (p. 244). 
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TABLE 12 

Significant Relationships Between Experimental Measures 
Temperament, and Criterion Measures 

Competi tmotion- 
tiveness    Actiye   Vigorous   Impulsive  Dominant ally Stable Sociable  Reflective 

Coordination +5.368 
(two-hand) (.05) 
Heart rate 
Tapping +5.368 +5.368 

(.05) (.05) 
Rate of addition 
USES peg board II 
(inversion) 
USES peg board I 
(transfer) 
Simple reaction time 
time to light 
Hand and arm „ _ Q 

steadiness /icT 
(.05; 

Strength +3.359 
(.05) 

Key:   In each row the top entry shows the the value of chi-square, and the bottom entry shows the 
level of significance.   Plus (+) indicates the association is positive between the desirable change on 
the experimental variable and a high score on the trait.  Minus (-) indicates the reverse is true. 

The seven traits listed across the top of Table 12 represent personality dimensions as measured by 
the subjects' scores on the Thurstone Temperament Schedule. In addition to these scores, 

Each subject of this experiment was given a rating as a competitor. This was a 
composite rating made by three examiners who monitored the performance of each subject. 
No clear-cut definition was available of what constitutes competitiveness or a strong 
competitor in this situation. In view of this, the following factors were arbitrarily chosen by 
the investigator as imoortant criteria for selection of men performing in a stressful situation: 

a. Did the subject volunteer for the experiment? 

b. Did the subject make frequent complaints? 

c. Did the subject seem to exert himself fully when taking the strength tests given 
inside the heat chamber? 

d. Did the subject seem to encounter stress symptoms such as headaches, dizziness, 
genera! weakness, unusual thirst, "cotton mouth," etc.? 
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e. Did the subject take pride in his accomplishments or achievements on the various 
test items? 

f. Did the subject inquire about the performance of others? 

g. Did the subject seem to be of even temperament or disposition? 

h. Did the subject regard the experiment as a challenge or simply an experience to be 
tolerated and endured? p. 242) 

There are, of course, certain deficiencies present in this type of exploratory study. For example, 
no data are provided with respect to the validity of the evaluative criteria, nor are intra- or 
inter-judge reliability coefficients furnished; the results and discussion section consists primarily 
of the brief statement of results with little or no discussion. Despite these criticisms, however, the 
study does embody a workable approach to the problem of determining the interaction of 
"personality" traits with performance under thermal-stress conditions. Thus, the finding that 
"...the significant negative relationship between hand and arm steadiness and the emotional 
stability trait is not at all clear" should not detract from the value of having demonstrated that 
such a relationship does in fact exist. 

In the thermal stress literature reviewed, only one other study was found in which a 
personality trait (emotional stability) was assessed in conjunction with performance of cognitive 
tasks under high ambient temperature (109oF dry bulb, 40% relative humidity). Using the 
Ranking Rorschach Test (RRT), Givoni & Rim (1962) attempted to measure the degree of their 
subjects' neuroticism. In the RRT (Eysenck's modification of the Harrower-Erickson technique). 

The subject sees one Rorschach card at a time; he is also furnished with a list of nine 
possible answers which might be suggested by the ink-blot. He is required to write a 1 after 
the response which seems to him most like the ink-blot, a 2 after the response which seems 
to him secondmost like the ink-blot, and so on down to 9, after the response which seems to 
him to be least like the ink-blot. There are four neurotic and five normal responses to 
choose from for each card (p. 103) 

Subjects in this study were also administered the Dominoes Test for intelligence which is defined 
by Büros (1953) as a 'g'-Saturated Test. "G," according to Vernon (1951), depends on the 
general mental energy with which each individual is endowed-it is innate and relatively 
unaffected by experience. Finally, subjects were given two subjective response scales to estimate 
the degree of environmental stress (see Table 13 • Givoni & Rim. 1962, p. 103). 

Individual differences, both physiological and psychological, were large, as the authors note; 

There is a remarkable spread of the results. Therefore, no clear relationship exists 
between performance and environmental stress, either in its physiological or subjective 
manifestations (p. 109). 

The personality measures, per se, also failed to correlate significantly with either physiological or 
performance scores but Givoni and Rim found what they consider enough trend data to support 
the following conclusions: 
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TABLE 13 

Subjective Responses Scale 

Thermal Sensation Sensible Perspiration 

1. Very Cold 
2. Cold 
3. Cool 
4. Comfortable 
5. Warm 
6. Hot 
7. Very Hot 

0. Skin Dry 
1. Skin Clammy (Feels moist to touch) 
2. Skin Damp (Perspiration just visible) 
3. Skin Wet (Sweat covering the surface, drop 

formation) 
4. Parts of the Clothing Wet 
5. Most of the Clothing Wet 
6. Ail of the Clothing Saturated 

1. The results support the hypothesis that both quality and quantity of performance 
are a function of intelligence while emotional stability does not affect performance (p. 114). 

2. Under these conditions the results suggest that the environmental stress in the range 
of this study, and for short periods, does not limit the ability to concentrate and perform 
standard computations. It may be, however, that at more prolonged time people would not 
be able to maintain their ability at their best (p. 114). 

The studies outlined exemplify two approaches to investigating the way in which 
personality variables mediate subjects' performance under thermal stress. A coherent description 
of the processes involved, however, will eventually require clarification of certain other 
relationships. The following points, keyed to Figure 1, constitute a brief summary of the 
relationships traditionally emphasized in thermal stress research plus those which have received 
little attention to date. 

1. Thermal Stress and Personality (A-* B)—Illustrated in the Givoni and Rim study, 
this relationship is rarely examined but important since there is some evidence that 
prolonged thermal stress (even when physiologically tolerable) may lead indirectly to 
performance decrement by producing increased irritability and decreased motivation in the 
subject. 

2. Thermal Stress and Quantitative Performance Measures (A—»C)—Investigation of this 
relationship forms the basic paradigm for the majority of studies examined in the literature 
review. In this approach little or no attempt is made to assess the possible mediating effects 
of personality factors on performance. 
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THERMAL STRESS LEVEL 
(Dry Bulb-Wet Bulb Tempera- 
ture, Solar Radiation, etc.) 

SUBJECT'S 
EVALUATION OF 
I IS PERFORMANCE 

a 
PERSONALITY 

DIMENSIONS OF THE 
SUBJECT 

EL 
SUBJECT'S ESTIMATE 
OF ENVIRONMENTAL 

STRESS LEVEL 

1 
QUANTITATIVE 

MEASURES OF SUBJECTS' 
PERFORMANCE 

Fig. 1. SCHEMATIC REPRESENTATION OF THE INTERACTION OF PERSONALITY 
FACTORS WITH THERMAL STRESS LEVELS AND PERFORMANCE MEASURES 
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3. Thermal Stress and Subject's Estimation of Stress Level (A—" D) —Generally, 
comparisons of this type involve correlations between: 

(a) Ss' rating-scale judgments and instrument measures of the thermal environment. 

(b) Ss' rating-scaie judgments and their physiological responses. 

(c) Ss' numerical estimates and recorded thermal values. 

Because of the differences in the precision of measurement of Ss' responses in the above 
approaches, it is not surprising that results are often conflicting. For example, Fine (1958) using 
(b) found "...a high degree of agreement between the subjective-rating method and both mean 
weighted skin temperature and metabolic-rate methods of ranking the environmental conditions 
(p. 355)". In contrast, Mooreland and Barnes (1969) using (a) found that helicopter pilots flying 
under high ambient cockpit temperatures were poor judges of the actual ambient temperature 
levels. It is probable that conflicting results are also a function of failure to consider the influence 
of training and experience on the ability to judge environmental conditions. The role of training 
should be further studied since the judgments of trained "experts" constitute the basis of a 
number of stress indices such as the effective temperature scale. 

4. Thermal Stress and Subject's Evaluation of Own Performance (A—>E)r-No data is 
available regarding the strength of this relationship. It seems reasonable to assume that a 
correlation does exist, probably negative, but that effects of the thermal environment do 
not affect the subject's estimate of his performance directly. Rather, thermal-stress effects 
are mediated by personality variables (Block B) and are expressed as changes in B-*D and 
B-^E discussed in points 6 and 7 below, 

5. Personality and Quantitative Performance Measures (B -» 0—This type of 
relationship is a common research topic in social and clinical psychology, but the effects of 
physical environmental stressors such as heat are seldom considered (the Blyth and 
Lovingood study is an exception). Even in studies ostensibly concerned with other aspects 
of stress, however, the effects of B->C occasionally intrude in a manner impossible to ignore. 
Teichner, for example, in his study of the effects of external reinforcement on length of 
voluntary exposure times, found it necessary to tell his subjects, "You will not be proving 
masculinity by remaining in the cold. There is no relation between manliness and tolerance 
of the cold" (Teichner, 1967, p. 505). Here is a case where internal, personality related, 
reinforcement was potentially strong enough to confound responses to external rewards 
(money). 

6. Personality and Subject's Estimation of Stress Level (B-*D)~Not a great deal is 
known about this relationship, but it merits investigation for at least two reasons. First, it is 
tacitly acknowledged that an individual's self-concept is strongly influenced and directed by 
membership in a particular group or groups; group values become basic determinants of a 
variety of the individual's responses, including his reactions to stressors. This situation is 
particularly noticable in military organizations and has considerable import for any program 
attempting to formulate crew-station design standards based solely on crew members 
subjective evaluation of stressor levels. It is difficult, for example, to get pilots to make 
formal "complaints" or derogatory evaluations of cockpit operating temperatures. 
Informally, where the need to live up to the role of being able to cope with any adversity is 
less, complaints can be and are made. A related problem here is that of volunteer subjects. 
Regardless of monetary incentives, it has been argued that volunteers, particularly those for 
experiments listed as requiring "hazardous duty," are a select group whose behavior is 
motivated by a need to excel and to demonstrate that they can "take it." A second 
situation, one almost directlv oooosite that found with pilots and volunteers, can be found 
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to stem from the B—► D relationship. Frequently, it is found that some percentage of 
subjects derive little or no satisfaction of internal needs from participating in an 
experimental task. A high level of performance is of no interest to them, i.e., aspiration 
level, need to achieve, need for closure, etc., are low or nonexistent. In this case, it is 
possible that in response to other needs at B, spuriously high estimates at D may be given 
with the aim of terminating the test and removing the subject from the situation. 

7. Personality and Subject's Evaluation of Own Performance (B—^El-ln the absence of 
feedback (knowledge of results), where he is unable to rank his performance against some 
maximum possible score or the scores of others, a subject will still form some opinion of his 
performance. Regardless of the degree to which this opinion or estimate corresponds to an 
objective ranking of performance (i.e., Strength C—* E), it may strongly influence the 
validity of the subject's evaluation of environmental stress, if the subject feels he is 
performing poorly then he may knowingly or unknowingly through some form of ego 
defense, overestimate the severity of stress; conversely, if he feels he is performing well he 
may tend to belittle or underrate the stress conditions. In either case, strength of A—^D may 
actually be a function of B-^E, given that an accurate estimate of C—>E is impossible for the 
subject. In a less indirect manner, the subject's evaluation of his performance as poor or 
unsatisfactory may initiate a feedback cycle resulting in ever-increasing performance 
decrement. Failure to perform leads to greater and greater anxiety which, in turn, interferes 
with both learning and performance. This cycle, of course, operates to a certain extent in 
the opposite direction with mastery of the task and improvement in performance leading to 
decreased anxiety and selfoonsciousness and hence, even better performance over time. 

8. Quantitative Performance Measures and Subject's Estimation of Stress Level (C—> 
D)—Similar to the A—» D} relation discussed in (4) above, i.e., some correlation can be found 
but the magnitude and sign are probably more dependent upon the intervening effects of 
factors in Block B. 

9. Quantitative Performance Measures and Subject's Evaluation of Own Performance 
(C—*€)-The strength of this relationship has been widely used in psychological research as an 
indirect assessment of the personality dynamics underlying an individual's behavior. What is 
needed in future thermal-stress research is a comparison of C-* E under "normal" or 
"comfort" conditions and conditions of high ambient temperatures and humidities; this is 
particularly important in light of the discussion of the possible effects of the B-+E 
relationship (7 above), 

10. Subject's Estimate of Stress Level and Subject's Evaluation of Own Performance 
{D—♦ E)-An examination of this relationship could, depending upon the sign and value of the 
correlation, indicate the extent to which one might infer the differential operation of 
personality traits in the subject population. Thus, if the degree of correspondence between 
A—♦ D and C—* E are high, and D—» E near zero, the role of personality factors could be 
considered as minimal (at least in that particular experimental situation). 

In concluding this section on the importance of personality variables in thermal stress 
research, two important additional factors can only be touched upon here. The first deals with 
the fact that the subject has been considered as performing, under heat stress, in relative isolation 
from both the experimenter and other subjects. That this situation seldom obtains is obvious. 
Trumbult (1965) has summed up the problem in two points: 
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1. We are just beginning to learn the degree and frequency with which we can change 
the leadership·group composition, and task variables and still maintain performance. It is a 
sensitive thing, this performance of a group. 

2. A person too concerned about others' observation, perception, or acceptance of his 
performance is not in a position to make his maximum contribution. 

Regarding the subject 's relation to the experimenter, Arg\'ris ( 1968) feels that a rigorous 
experimental approach can lead to some of the following consequences: 

1. Physical withdrawal which results in absenteeism and turnover. 

2. Psychological withdrawal while remaining physically in the research situation. Under 
these conditions the subject is willing to let the researcher manipulate his behavior, usually 
for a price. The studies that show subjects as all too willing to cooperate are, from this point 
of view. examples of subject withdrawal from involvement and not, as some researchers 
suggest, signs of subject' high invol ement. To give a researcher what he wants in such a way 
that the researcher does not realize that the subject is doing this (a skill long ago learned by 
employees and students) is a sign of nonresponsibility and a lack of commitment to the 
effectiveness of the research . 

3 . Overt hostility toward the research. Openly fighting the research rarely o<.curs, 
probably because the subjects are "volunteers." If they are not volunteers, they may still 
feel pressured to participate. If so, they would probably not teel free to fight the researcher 
openly. 

4. Covert hostility is a safer adaptive mechanism. It includes such behavior as 
knowingly giving incorrect answers. being a difficult subject, second-guessing the research 
design and t rying to circumvent it in some fashion, producing the minimally accepted 
amount of behavior, coercing others to produce minimally, and disbelief and mistrust of the 
researcher (Argyrus, 1968, p. 186) . 

Argyrus also notes that. " ... the exact degree to which any of these conditions would hold 
for a given subject would be, in turn , a function of : 

1. The degree to which being independent, manipulated, and controlled is "natural" in 
the lives of the subjects (e.g., research utilizing children or adults in highly authoritarian 
cultures may be more general izable) . 

2. The length of time that the research takes and the degree of subject control it 
requires. 

3. The motivations of the subjects (e.g. , for the sake of science, to pass a course, to 
learn about self. for money) . 

4. The potency of the research (the involvement it requires of the subject). 

5. The possible effect participation in research or its results could have on the subject's 
evaluation of his previous, and perception of his future, life. 

6. The number of times the subJect participates in other research. 
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7. The degree to which the research situation is similar to other situations in which the 
subject is immersed, about which he has strong feelings, few of which he can express" (p. 
187). 

The second factor which has not been treated in depth is the interaction of task and 
personality variables. Although he does not refer specifically to personality dynamics, Wilkinson 
( 1969) has written an excellent review of the factors in the working situation which mediate the 
impact of thermal stress on performance. Briefly, these are: 

1. Duration of work on the task. 

2. Familiarity of the operator with the stress and the work to be done under the stress. 

3. Level of incentive of the operator. 

4. Kind of work he has to do. 

5. The aspect of performance deemed most important. 

6. The presence of other stresses in the working situation. 

Motivation 

Individuals not only differ greatly in basic abilities and skills, they evidence conskhrab!e 
variability in the degree to which these attributes are brought to bear upon the performance of a 
given task. Thus, of two subjects with test scores indicating equivalent skill levels, one will 
consistently outperform the other in a specific laboratory situation. Even if these hypothetical 
subjects were to perform equally well, the situation would still be far from satisfactory with 
regard to predicting their behavior in the "real world" for, as Trumbull ( 1965) has noted: 

The ability to translate ... from academic tests of achievement or desire to achieve in an 
academic or test environment into the real world where real prices are paid for real errors 
still is to be demonstrated. Training or selection procedures which are tests of endurance in 
themselves, physical and stress, stili enjoy a face validity, but the very essence of motivation 
continues to escape us ( p. 41) . 

Certainly the "essence" has not escaped because of a lack of effort. Just as in the case of 
"personality," there is a volum:nous body of literature dealing with the concept of "motivation." 
In his book on the ps'{chology of learning, Deese (1958) expressed the opinion that: 

Discussion of the nature of human rr.otivation has probably covered more paper than 
any other psychological topic . We must treat this vast literature rather cursorily, for the 
simple reason that not very much of it is re!evant to the question of the relationship 
between motivation and learning (pp. 113-114). 

With regard to the e·.:perimental study of human motivation, it is w.orthwhile to list the following 
points made by Drese (1958, p. 1151 which include a broad def inition of the concept itself 
(point number ont?) : 
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1. Motivation-needs or drives-provides the internal impetus behind behavior and the 
direction which behavior takes   goals. 

2. Motivation is an invented concept used to describe certain important things about 
animal and human behavior; it is not a fact of the world or an experimental variable that can 
be directly controlled and manipulated. 

3. In the study of human motivation we are much more limited in the factors 
associated with motivation that we can manipulate directly. 

4. It is extremely difficult to produce conditions in the experimental laboratory that 
allow systematic variation of these factors associated with human motivation. 

In additio"! to being hard to handle experimentally, the concept of motivation appears 
difficult to separate from other factors which contribute to changes in performance. Emotional 
responses to environmental conditions perceived as "stressful" by subjects can interact with both 
the ability and the motivation to perform. Deese summarizes this interaction as follows: 

"...stress means heightened motivation as well as heightened emotional activity. What is 
more, in experimental studies of human behavior it is practically impossible to produce 
emotional disturbance without also producing a change in motivation (Lazarus, Deese, & 
Osier, 1952). Thus we cannot examine the effects of emotional arousal upon learning and 
performance without taking into consideration the effects of change in motivation (pp. 
147 148). 

Keeping in mind the general difficulties involved with the concept, let us now examine two 
recent attempts to delineate the effects of motivation on behavior under heat stress. The first 
study, and potentially the most important by virtue of its broader treatment of theoretical issues, 
is that by Teichner (1967). He begins by stating: 

All things considered, the problem of assessing human subjective thermal responses 
appears to have suffered from: (1) lack of use of psychophysical technique, that is 
methodology which relates behavior to physical or bodily conditions; (2) lack of a 
systematic, theoretical approach to guide research and define validity, and finally, to be 
discussed below, (3) failure to consider motivation as a factor in tho human response (p. 
502) 

In outlining his approach. Teichner again underlines the role of motivation: 

In reviewing the various attempts that have been made to assess the human response to 
the thermal environment, it appears that two broad classes of response have been studied. 
On the one hand tolerance has been studied, largely as a physiological problem. On the 
other hand, subjective attitudes have been studied, largely by means of rating scales. It is of 
interest that both terms tend to suggest a motivational component and, in fact, it is 
commonplace in discussions of these topics for it to be noted that both tolerance 
(endurance time) and subjective rating depend upon the degree to which the subject is 
motivated to expose himself to the environment. Highly motivated subjects are assumed to 
tolerate more and have a wider comfort range than less highly motivated subjects. 
Invariably, discussion of this topic leads to commiserations about our inability to control 
this factor. The point of the present scaling approach is that it may not only be necessary to 
control motivation, but that a way must be found to incorporate it into a psychophysical 
testing procedure as a scale factor (p. 502). 
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Although space limitations preclude a detailed discussion of Teichner's approach, his major 
working postulate and its corollaries are listed below: 

Basic postulate: 

The length of time that an individual will voluntarily continue an exposure, 
represented by any given body state, is directly related to the magnitude of the reward he 
expects to receive for doing so. The function is asymptotic to some limiting voluntary 
tolerance time. (p. 502). 

Corollary 1: In the absence of reward, no constant body state is tolerable for more 
than some maximum time {p. 502). 

Corollary 1-a: In the absence of reward, the maximum voluntary thermal exposure 
time to any set of constant (non-noxious) conditions closely approximates the time required 
for the body to come into balance with the thermal environment (p. 503). 

Corollary 2: In the absence of expected reward, the maximum thermal exposure time 
closely approximates the time required to feel discomfort or pain (p. 503). 

Corollary 1 has practical as welt as theoretical importance since it implies that there is no 
optimum or ideal fixed set of physiological conditions. Rather, ideal conditions are conceived of 
in terms of optimally varying physiological levels. Hence, the ideal thermal environment may not 
require the provision of some constant arrangement of air temperature, ventilation, humidity and 
radiation; instead, the thermal environment may consist of some optimally programmed 
arrangement of these variables. It is conceivable that if this line of reasoning is applied to the 
design and control of crew-station thermal environments, then suggestions for air-conditioning 
will no longer invoke instant rejection. In the case of rotary-wing aircraft, for example, where 
weight considerations are crucial, air-conditioning could be translated in its boradest sense, i.e., it 
would no longer impose a instant requirement for equipment capable of maintaining the cockpit 
temperature at 70oF, 60% R.H. under any external ambient temperature. Instead, smaller units 
could be planned with a view to periodic cooling and/or dehumidifying to achieve, over time, the 
program of environmental variation implied in Corollary 1. 

In addition to the major premise and its corrolaries, Teichner has made other assumptions in 
his Approach: 

1. The reduction or avoidance or escape from punishment is rewarding. 

2. The nature and magnitudes of reward can be approached, at least for the present, in 
a "crude common sense way." 

Referring to Figure 2, reproduced  in its entirety from Teichner (1967, p. 503) some 
additional assumptions include: 

3. Each bodily state has a certain amount of "utility" to the individual which can be 
expressed in terms of a trade-off between exposure time and reward. 

4. With increasing deviations from the optimal zone level, the amount of utility 
decreases rapidly, probably in an exponential fashion. 

5. For each curve there is a rewnrd magnitude beyond which greater rewards fait to 
measurably increase voluntary exposure times. 
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Fig. 2. THEORETICAL TRADE-OFF BETWEEN VOLUNTARY TOLERANCE TIME AND 
REWARD MAGNITUDE OF DIFFERENT, CONSTANT RANGES OF BODILY STATES; 
EACH BODILY STATE IS ASSUMED TO REPRESENT A CONSTANT "UTILITY" TO 

THE INDIVIDUAL (Labels±/\, +B etc. represent deviations in either heating 
or cooling from the optimal zone.) 

6. The individual will expose himself for some limited period of time even when reward 
is absent. 

7. As "utility"of bodily state (physiological adjustment) decreases, there is some 
minimum or threshold reward required to increase voluntary tolerance time. 

8. As reward magnitude increases beyond the threshold value, voluntary tolerance time 
increases rapidly to its maximum. 

9. For any single curve, a really constant bodily state loses "utility" overtime, i.e., 
maintenance of a constant utility requires a fluctuating bodily state within the range or zone 
of such states represented by the curve. 

That Teichner is aware of the many problems as well as the potential usefulness of the method 
outlined is evidenced by his own summary: 

Our approach requires a considerable amount of sophisticated research to give it more 
than formal appeal. Its great advantage is that it suggests a systematic way to approach 
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research on the problem and that in the absence of data it provides conceptual relationships 
which appear to agree with common experience with thermal feelings. In particular it has 
the advantage of introducing motivation as an integral, and we believe, workable, concept 
into a system which also incorporates other psychological concepts as well as physiological 
ones. However, it is recognized that reward is an elusive idea and that it may be necessary to 
have families of such indifference maps representing different kinds of rewards for a 
population or the same reward for different populations. Ultimately, perhaps, it will be 
possible to scale rewards so as to attain equivalences among different kinds or populations 
(p. 504). 

A second and more recent experiment by London, Ogle, and Unikel (1968) examined the effects 
of motivating instructions and hypnotic susceptibility on continuous performance under heat 
stress. The authors summarize their findings as follows; 

This paper reports 'an experiment which examined the relative effects of hypnosis, 
exhortative instructions, and routine task-performance instructions on the performance 
which individuals who differed in their degree of hypnotic susceptibility rendered on a 
continuous performance task both under normal conditions and under conditions of 
induced stress. High-susceptibte (T) and low-susceptible (UT) Ss operated a pursuit rotor at 
room temperature and then under extreme heat. Performance of all Ss under stress 
improved after they were either hypnotized or exhorted to perform better; exhortion had a 
slightly but nonsignificantly greater effect (p. 532). 

The study is considered here simply as an example of one obvious but often ignored method of 
eliciting motivated performance from subjects, viz. exhortation. The success of exhortative 
instructions is, of course, dependent on the relationship established between the experimenters) 
and the subject(s). Other techniques for increasing motivation include: 

1. Knowledge of results (KR)-providing the subject with information which allows him 
to evaluate his performance in comparison with: 

a. His previous level of performance. 

b. Some maximum possible performance. 

c. The performance of other subjects. 

2. Provision of response contingent reinforcement-may include avoidance or removal 
of an aversive stimulus as well as availability of positive, desirable (to the subject) reward. 

3. Use of experimental tasks the performance of which is in itself stimulating, 
interesting and rewarding. 

Until such time as broad, theoretical systems such as that outlined by Teichner have 
received greater empirical validation, thermal-stress researchers will probably have to utilize some 
variation of the techniques suggested here to control for the effects of motivation. 
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GENERAL COMMENT ON SUBJECTS IN PSYCHOLOGICAL RESEARCH 

It is desirable in any study, whether it involves thermal stress or not, that subjects perform 
in a highly motivated way, without displaying "undesirable" personality characteristics, and in a 
manner indicating maximum application of their skills and abilities. To achieve this goal, 
however, has proven difficult. Recently, articles have begun to appear which indicate that the 
problem may be a function of the overall philosophy of current psychological research. Schultz 
(1969} has written an excellent review of the factors involved, and sums up the problem by 
noting: 

In recent years, a number of psychologists have focused their research attention on the 
fundamental technique of their science: the experimental method. Articles and books have 
told us of experimenter effects in behavioral research {Rosenthal, 1966), the social nature of 
psychological research (Friedman, 1967), demand characteristics (Orne, 1962), and a host 
of other variables that may be confounding the data we continue to collect in such large 
quantities. We are warned, by the findings of this research on research, of the effect of 
unintended cues provided by our behavior, dress, speech, and commitment to a specific 
hypothesis; by the physical appearance of our laboratories; and by the general level of 
psychological research sophistication of the students who serve as our subjects. In short, this 
research suggests that the experimental situation may not be what we intend in our 
elaborately designed studies (p. 214). 

What, if anything, can be done?  Schultz lists two possible changes in basic procedures: 

1. One approach, suggested by Brown (1965) and Kelman (1967), among others, is 
that of role playing. Instead of deliberately concealing the nature and purpose of the 
experiment, these would be explained to the subject and his cooperation sought. The intent 
is for the subject to directly and actively involve himself in the experiment, and to 
conscientiously participate in the experimental task. In this approach, the subject hopefully 
would have a more positive attitude toward the experiment and the experimenter if he felt 
that he was sharing with the experimenter in a collaborative endeaver rather than being used 
as a guinea pig (p. 226). 

2. Another approach, suggested by Jourard (1968), involves the conducting of 
experiments with a mutual self-disclosure between the experimenter and the subject. Instead 
of the impersonal, detached and distrustful relationship that is now often the case, Jourard 
suggests a greater openness and mutual knowing in the experimenter-subject dyad. The 
subject would be encouraged to report what the stimuli and his behavioral responses really 
mean to him. The experimenter, in turn, would explain what he thinks the subject's 
responses mean, and the subject asked to respond. Thus, both experimenter and subject 
would be open and revealing to one another (p. 227). 

These approaches appear particularly relevant to stress research for two reasons. First, 
subjects are frequently asked to perform under conditions which approach the limits of 
physiological tolerance. It seems probable that, in this situation, maximum continued 
performance depends on the subjects' confidence in the experimenter's ability to insure their 
physical safety as well as their opinion of the importance of the research. Second, many stress 
studies utilize military personnel, and here the consequences of performance, as inferred by the 
subjects themselves, can strongly affect their performance. Thus, unless they are informed as to 
the nature of the experiment, its goals, methods and procedures, military subjects 
(non-volunteers) may envision their performance as contributing to everything from promotion 
to punishment and modify it accordingly. 
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CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

The previous sections of this report have examined, often in considerable detail, the nature 
of the variables and methodologies involved in the investigation of thermal stress. A 
comprehensive evaluation of this research area was undertaken for a number of reasons. 

First, as noted in the introduction, there is a need to answer specific questions regarding the 
effect of extreme cockpit temperatures on the performance of Army aviators flying rotary-wing 
aircraft. It is unfortunate, however, that such needs appear paramount only during times of 
crises. A history of thermal-stress research clearly indicates that the bulk of the work to date has 
been done under the impetus of combat requirements, and neither industry nor the various 
branches of the military have produced any sustained investigative effort in this area. Rumors 
and/or informal pilot complaints are difficult to document and, even where this has been done, 
what generally results is, at best, a modification of the ECS for a particular type of aircraft. The 
results of such an approach are reflected in the literature and, concerning the Army's problem, 
one is forced to conclude: 

1. Existing data do not possess sufficient validity or reliability to allow prediction of 
the magnitude, direction or significance of performance decrement under thermal stress. 

2. Since decrement cannot be accurately predicted (except at physiological tolerance 
limits), the Army will continue to experience difficulty in establishing firm design standards 
for crew-station thermal environments. 

3. Prediction of performance decrement (or the lack of decrement) cannot be achieved 
without first establishing a systematic and comprehensive measurement program to 
determine the internal temperature, humidity and radiation levels for aM Army aircraft 
under 

a. Varying ambient conditions. 

b. Differing equipment/personnel configurations. 

c. Anticipated mission flight regimes. 

A second reason for looking at heat-stress research in detail is based on the assumption that 
basic problems in this area exist with regard to the investigation of other environmental stressors. 
For example, the same difficulty in selecting an stress index which accurately reflects the relative 
contribution of the major variables involved can be found in both thermal and vibration-stress 
research. In heat the problem is how much weight to give to dry bulb temperature, wet bulb 
temperature, radient heating, connective cooling, etc. In vibration, analogous variables are 
frequency, amplitude, direction of movement, damping, etc. The critique of heat-stress 
methodology was therefore structured throughout to include environmental and subject variables 
whose manipulation or control is important in the study of any environmental stressor. Some 
general conclusions about thermal-stress research follow from the critique: 
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1. There are a number of conflicting reports regarding the effects of thermal stress on 
performance, 

2. The first source of conflict is the inability of researchers to agree upon what levels of 
temperature, humiditv, radiation, etc., constitute a "thermal stress" condition. Different 
investigators employ different parameters or the same parameters with different weightings; 
in addition, they often use differing exposure times. 

3. A second source of conflict arises out of poor or inadequate control of subject 
variables;   incidental   sampling   results   in  performance  comparisons, between groups or 
individuals who differ markedly in both physiological and psychological characteristics. 

4. The concept of physiological adequacy continues to dominate research strategy. 
Consequently, the role of psychological variables in both adaptation to and performance 
under "stress" remains relatively unexplored. In an article on men under "stress," Fraser 
(1968) eloquently underlines this point; 

Clearly, a man has remarkable capacities for adaptation (see HUMAN 
PERFORMANCE, July 1966) and normally can be relied upon to adjust to any 
reasonable demands made of him. But today, men are making excursions into new and 
more hazardous environments and are operating machines so complex that the demands 
upon them approach the limits of their capacities. A man is under stress no matter 
whether he is a decision-maker in an information-processing system, the pilot of a space 
craft, or a diver deep in the sea. The man-machine system into which he is thrust exists 
within a complex of environmental variables-interacting with each other, with the man, 
with the machine, and with the system. No longer can we assume that the effects on man 
are simply physiological--or are psychological alone. These factors are so interwoven that 
they must be carefully understood before any specific man-machine design is begun (p. 
38). 

5. In the preceding four points, the term "stress" appears in quotation marks, a 
technique used to imply that a concept is either inaccurate, poorly defined, or ambiguous; 
all three categories apply to heat "stress." In the literature reviewed, "stress" is loosely used 
to describe a particular set of thermal conditions, a subject's physiological responses to 
those conditions, or sometimes both. Fraser (1968) refers to this problem by observing: 

There is probably no term common to the engineer, physician, life scientist, and 
the lay public at large, that is more frequently misinterpreted, according to one's 
background and experience, than the word "stress." 

To the clinician, human stress is a somewhat tenuous concept involving physical, 
occupational, and social factors, any or all of which may unite to produce fear, 
confusion, emotional tension, physical discomfort, reduced resistance to disease and 
illness, and other physiological and clinical disturbances. To the life scientist, as we shall 
see, stress is a more well-defined entity and represents the set of circumstances which 
tend to disturb homeostasis, or internal stability. To the lay public (and perhaps the 
clinical psychologist) stress has connotation of social and emotional disturbance and 
inappropriate reaction. 

To add to the potential confusion, however, stress in medical terminology is defined 
in terms of the changes it produces in the body. According to Dr. Hans Selye, the 
Canadian authority who originated much of the contemporary concept of human stress, 
the term "systemic stress" is used to denote a condition in which extensive regions of the 
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body deviate from their normal resting state because of functional change or damage. In 
engineering terminology-stress can be inferred when strain is apparent (p. 39). 

6. An elaboration of the preceding statement leads to a sixth conclusion in this section, 
viz. stress is an inferred state regardless of the accuracy with which one measures 
physioiogicai changes occurring concomittently with changes in the thermai environment. 
Again, Fraser summarizes the point: 

If human response to environmental stress within the man-machine environmental 
complex exhibits both specific and nonspecific reactions which maintain homeostasis in 
the face of an immediate threat and mobilize the general body resources, how can the 
human response to stress be measured? To the engineer, the measurement of a 
stress/strain relationship can be relatively easy in many situations. The life scientist may 
be able to measure the magnitude of the stressors-if he can identify them. But stressors 
are multiple, frequently intangible, and the degree of the multiple responses cannot be 
predicted accurately because of the biological variability inherent in the individuals 
exposed. 

Thus presence of stress can only be inferred from observing the existence of strain, 
manifested as some kind of alteration in the normal pattern of human activity, whether it 
be change in capacity to do a task, change in behavior, or change in physiological 
function (p. 43). 

The third reason for analysing thermal-stress research in depth centers about the problem of 
multiple-stressor effects on complex performances. The rationale underlying this report's 
approachlTbased in part on the assumption that the better our understanding of the effects of a 
single stressor the greater the likelihood of evaluating its contribution, antagonistic or synergestic, 
when it acts in concert with other stressors. Wilkinson (1969) after reviewing some of the 
literature on multiple-stressor effects, states: 

In terms of performance, it is the exception rather than the rule for the effects of 
single stresses to combine additively when they occur together. They may combine 
synergistically, as in the case of sleep deprivation and high doses of alcohol, or they may 
oppose each others' effects as in the case of sleep deprivation and noise. Much may depend 
upon the level or degree of the stress. Both heat and alcohol may combine synergistically 
with another stress (e.g., sleep deprivation) at one level and antagonistically at another |p. 
270). 

He continues. 

It is at a point as this that we come to realize the diversity, indeed the enormity, of this 
problem of predicting performance change as a function of environmental stress. There are 
so many extraneous factors which may combine in no simple way to decide the ultimate 
effect of a stress upon performance. In the short term, the very complexity of the picture 
that arises before us may argue the case for strictly ad hoc experiments, designed to provide 
a specific answer for a specific question-how much will performance be debased by this 
particular combination of stress and task conditions. For such work, the evidence reviewed 
in this report may be useful in underlining those aspects of the total working situation 
which must be simulated with reasonable accuracy if useful answers are to be derived. In the 
long term, however, the hope must be that the evidence from continued fundamental work, 
together with that from ad hoc experiments which can find time to run control groups, will 
amount to a set principles for at least broad prediction without resort to costly simulation 

(p. 271). 
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While   it   is   possible   to   agree   in   principle  with   Wilkinson,   the   "state-of-the-art"   in 
thermal-stress research prompts the following modifications of his conclusions: 

1. The distinction between "fundamental work" and ad hoc experiments is somewhat 
spurious, at least in heat-stress research. As mentioned earlier, the majority of studies in this 
area are initiated in direct response to specific requirements generated by specific 
man-machine systems interacting with specific environments. 

2. "Broad prediction" without simulation may not be possible in the light of the 
increasing complexity of man-machine systems. AMuise (1967), in discussing methodological 
issues in the use of synthetic tasks to assess complex performance, has concluded: 

The problems of performance assessment are obviously complex; but they are not 
impossible to solve. We believe it to be of great importance to the Department of 
Defense, to the field of human factors engineering, and to the entire science of 
psychology that concentrated efforts be made towards the solution of these problems. We 
believe that the most fruitful approach is one that studies man's performances of the 
functions typically required of him in any man-machine system, and one that studies 
these performances under controlled laboratory conditions, not only in isolation, but also 
in the complex combinations of multiple-task performance batteries. 

3. Not all researchers are convinced that laboratory experiments can or will provide all 
the answers desired. Chapanis (1967), for example, summarizes the shortcomings of the 
approach: 

By their very nature laboratory experiments are at best only rough and approximate 
models of any real-life situation. First of all the possible independent variables that 
influence behaviour in any practical situation, a laboratory experiment selects only a few 
for test. As a result, hidden or unsuspected interactions in real-life may easily nullify, or 
even reverse, conclusions arrived at in the laboratory. Second, variables always change 
when they are brought into the laboratory. Third, the effect of controlling extraneous or 
irrelevant variables in the laboratory is to increase the precision of an experiment but at 
the risk of discovering effects so small that they are of no practical importance. Fourth, 
the dependent variables (or criteria) used in laboratory experiments are variables of 
convenience. Rarely are they selected for their relevance to some practical situation.Last, 
the methods used to present variables in the laboratory are sometimes artificial and 
unrealistic. The safest and most honest conclusion to draw from all these considerations is 
that one should generalize with extreme caution from the results of laboratory 
experiments to the solution of practical problems (p. 557). 

While the risks cited above can never be completely eliminated from the laboratory 
approach, they can be minimized. It is hoped that this report will aid to some extent in the 
minimization process by identifying relevant variables as opposed to the "variables of 
convenience" referred to by Chapanis. 
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RECOMMENDATIONS 

The recommendations for future research on thermal stress are, in most cases, implicit in the 
conclusions of the preceding section, and have appeared elsewhere in condensed form (Jones, 
1969) For clarity, the recommendations follow the order used in the conclusions section i.e., 
recommendations first for the Army, next for thermal stress in general and, finally, for 
multiple-stressor research. 

Army Aviation 

The major need here is to establish a systematic, comprehensive program to measure the 
crew-station thermal environment for all Army aircraft in the current inventory. In addition, 
measurement procedures should be standardized to allow evaluation of new or proposed aircraft. 
The program must include dry bulb, wet bulb, air velocity and radiation measurements of 
crew-stations, taking into consideration the following factors; 

1. Ambient Temperature and Humidity-Internal aircraft temperatures should be 
measured under the extreme climatic conditions listed in AR 70-38 (Headquarters, 
Department of the Army, 1969), both with and without the environmental control system 
in operation. The placement of temperature, humidity, and radiation sensors could follow 
the general procedure outlined in section 3.11.8.1.1 of MIL-I-5289B (U. S. Air Force, 
1954). 

2. Equipment/Crew Configurations-Cockpit heat loads will vary as a function of the 
number and type of avionic systems employed, operator clothing and specialized combat 
equipment worn, aircrew seat configurations, etc. Because of the number of possible 
permutations of clothing and equipment it may be necessary, in the early stages of the 
measurement program, to select "generic" configurations, i.e., crew wearing standard 
nomex flight clothing, with armored vests, sitting in armored seats and operating specific 
avionic and weapons subsystems for fixed periods of time. 

3. Mission Flight Regimes-Even with "standard" clothing and equipment specified, the 
crew-station thermal environment can vary in response to mission parameters such as 
altitude and speed as well as the length of the mission itself. Here again it may be necessary 
to examine a limited number of mission profiles, each of which embodies a variable of 
interest. For example, low-level, low-speed conditions should certainly be represented 
because of the potential "greenhouse effect" attributable to large amounts of reflected solar 
radiation impinging on pilot and aircraft. 

Thermal Stress Research 

1. The first requirement is the adoption of a standardized index which will represent those 
components of the thermal environment which act to produce what is often referred to simply as 
"heat." This report has suggested the WBGT index since it provides index values which 
incorporate wet and dry bulb temperatures (and hence humidity) plus black globe integration of 
radiant heating and convective cooling (eliminating the need for air velocity measures). The 
WBGT index would allow more accurate comparisons to be made between research findings 
because investigators would be required to report the actual component values as well as the 
weighted summation according to the formula WBGT =.7WB + .2GT + .1DB. 
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2. Assuming that a standard index had been agreed upon, the next step is to compile 
probability curves for the joint occurrence of the variables involved in the hottest portions of the 
world, during the hottest months. The Air Force has done this for wet and dry bulb temperatures 
and efforts should be made now to include solar radiation levels. The extreme points on the 
three-variable curves should then become design guides for aircraft crew-station environmental 
control systems. 

3. Given a standardized index and a knowledge of those thermal conditions expected to 
obtain in the predicted operational environment for a given man-machine system, laboratory 
research should be undertaken which incorporates the following: 

a. A shift in emphasis from "stress" to "strain" in which the impact of the thermal 
environment is considered "stressful" only to the extent that it is correlated with significant 
changes in an individual's ability to perform a given task. A causal orientation has resulted in 
overemphasis on physiological adaptation mechanisms, frequently to the exclusion of other 
potentially important variables. In addition, this orientation has led to the tacit acceptance 
of the "concept of physiological adequacy," a concept it is time to question experimentally. 
It should no longer be assumed that human performance under conditions of high ambient 
temperature and humidity will remain "normal" as long as physiological adaptation is 
maintained, 

b. Greater emphasis on psychological variables such as learning, motivation and 
personal ity as they interact with both environmental and task variables. 

c. Increased attention to the kinds of complex performance demanded of the human 
operator in modern man-machine systems. 

4. Once research begins to focus on the effects of the thermal environment on operators 
performing complex, continuous tasks involving memory, judgment, time sharing, etc., then the 
subject variables treated in the previous sections of this report become quite important. The 
physiological,physical and psychological makeup of subjects, acting singly or in groups, must be 
controlled for. Such control involves increased precision in experimental designs and sampling 
techniques. Incidental sampling and very small samples should be avoided in the early stages of 
thermal-stress research. 

Multiple Stressor Research 

All the preceding recommendations apply, particularly the one dealing with experimental 
control. Indeed, the establishment of valid and reliable physiological and psychological "norms" 
is a major problem in any environmental research. What is needed is a program similar to that 
suggested by Rohles (1965) which aims at defining the "Standard Man." A tentative list of the 
conditions necessary for the Standard Man measurements appears in Table 14 (reproduced in its 
entirety from Rohles, 1965). 
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TABLE 14 

Conditions for Making the Standard Man Measurements 

A. PHYSICAL 

1. Temperature 

2. Humidity 
3. Force Field 
4. Air Movement 
5. Atmospheric Pressure 
6. Inspired Gas 
7. Radiation 
8, Area-Votume 
9. Light 

10. Sound 

B, ORGANISMIC 

1. Subject 

2. Age 
3. Diet 
4. Rhymicity 
5. BMR 

C, RECIPROCATiVE 

1. Activity 
2. Clothing 
3. Exposure Time 
4. Social 

80°F (Air temperature and mean radrant 
temperature equal) 
50% 
1 G 
Less than 45 fpm 
14.7 psia (sea level) 
Filtered, odorless, air (21% C^; 78% N) 
Not to exceed AEC minimums 
To be specified 
20-50 ft. candles (Room color: White) 
Not to exceed 50 db 

Male, mesomorph, single, native to locale; 
sample size; not less than 300 
21 years 
At least 5 days at 3000 cal/day 
All tests at same time of day and year 
37-40 Cal m   body surface/hr 

Lying down of seated 
Nude 
To be specified 
10 subjects per test group 

Rohles describes the program as follows; 

Briefly the Standard Man would define the limits of physiological and psychological 
functioning under a non-stressful, anoxious, and neutral environment. Then when research 
in stressful environments is conducted, the extent of deviation from the Standard Man could 
be determined, and would indicate the effect of the altered environment on the particular 
measure in question. The mechanics for collecting the normative data for the Standard Man 
would have to be placed in the hands of an interdisciplinary committee composed of 
physiologists, psychologists, engineers, physicians, and biochemists. First they would have 
to enumerate the measures necessary to determine the physical or psychological functioning 
of the subject. For the physician and physiologist, these would include body temperature, 
cardiac functioning, respiration, and galvanic skin response, to name a few. Blood and urine 
measurements would be of interest to the biochemist, and the psychologist would include 
finger and manual dexterity, reaction time, tracking, monitoring and intellectual tasks. Once 
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these measures had been selected they would be taken in a neutral environment, taking into 
account the physical, organismic, and reciprocative factors noted above. 

A program of this scope and magnitude would necessarily be expensive and time-consuming. 
It is the opinion of this author, however, that the predictive validity of environmental stress 
research will ultimately depend upon the existence of the kind of normative data generated by 
such a program. 
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APPENDIX B 

VARIABLES RELEVANT TO STRESS RESEARCH 

ENVIRONMENTAL TASK 

Indices of Stress Type 
Complex vs. Simple 

ET Effective 1923 
Novel vs, Repetitive 

Temp, Contmuous vs. Discrete 

Effective SUBJECT 

ETC Temp. 1932 Validity 

Corrected Physiological Lab vs. Operational 

EP Physiol. 
Effect 

1945 
Adaptive System Responses 

Situation 
(Face vs. Construct 

Corrected Hypothalamic -regulatory Validity) 

CET Effective 1946 Metabolic -endocrinological 
Temp. Cardiovascular Instructions 

C.I. 
Craig Index 

1950 
Respiratory Written 

of Strain Heat Storage Demonstration 

Effective Verbal 

ETR Temp. & 
Radiation 

1950 Acclimatization 
Learning Factors 

Four-Hour Circadian Rhythms Feedback -- Continuous 

P4SR Sweat 1952 vs.  Discrete 

Rate Physical Reinforcement — 

MSI 
Heat Stress 

1955 
Learning vs . Perf. 

Index Age            Nutritional State Extrinsic vs. Intrinsic 

Wet Bulb Sex             Health - Present Methods of Administration 

WBGT Globe 1956 Physique      & Past History Time, situation, physical 

Temp. Physical Condition environment 
Fatigue 

Source ; of Strossor Psychological 
Climatic Chamber vs_. Data Collection 

Outside Ambient Personality Measurement Scales 

Conditions Skills & Abilities Frequency of Measurements 

Motivation Performance Averaging 

Exposure Times 
Single vs. Repc 
Continuous vs . 

Intermittent 

ited Intelligence 

Response "Set" 

Statistics 
Sampling ~- 

Size - N = ? 
Composition:   random, 

stratified incidental Fatigue 
Reliability -- normative data 

Interactions 
Single vs. multivariate 

predictions 
Potentiation 
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