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The Thermal Environment of the Human Being
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1 Introduction

[image: image1.wmf]One of the fundamental issues in human biometeorology is the assessment and forecast of the thermal environment in a sound, effective and practical way. This is due to the need for human beings to balance their heat budget  to a state very close to his/her thermal environment in order to optimise  his/her comfort, performance and health. This means to keep heat production and heat loss in an equilibrium in order to keep the body core temperature at a constant level. Heat is produced as a result of the metabolic activity required to perform activities. Heat exchange takes place by convection (sensible heat flux), conduction (contact with solids), evaporation (latent heat flux), radiation (long- and short-wave), and respiration (latent and sensible) (Figure 1). 

Figure 1
The human heat budget (Havenith, 2003, in WHO, 2004)

2 Methods

The heat exchange between the human body and the thermal environment according to Figure 1 can be described in the form of the energy balance equation which is nothing but the application of the first fundamental law of thermodynamics:

M + W + Q* (Tmrt,v) + QH (Ta,v) + QL (e,v) + QSW (e,v) + QRe (Ta,e) + S= 0

Eq. 1

M
Metabolic rate (activity)

W
Mechanical power (kind of activity)

Q*
Radiation budget 

QH
Turbulent flux of sensible heat 

QL
Turbulent flux of latent heat (diffusion water vapour) 

QSW
Turbulent flux of latent heat (sweat evaporation) 

QRe
Respiratory heat flux (sensible and latent) 

S
Storage

The meteorological input variables include air temperature Ta, water vapour pressure e, wind velocity v, mean radiant temperature Tmrt including short- and long-wave radiation fluxes, in addition to metabolic rate and clothing insulation. In eq.1 the appropriate meteorological variables are attached to the relevant fluxes.
Besides applying just air temperature in the past about 150 years more than 100 simple thermal indices - most of them two-parameter indices - have been developed to describe the complex conditions of heat exchange between the human body and its thermal environment. For warm conditions such indices consist usually in combinations of Ta and different measures for humidity, for cold conditions the combinations consist in Ta and v. Among them some well-known and still popular examples are the heat index and the wind chill index. Often “comfort indices” are based on such simple approaches considering further influences as variable thresholds over the season etc. Comprehensive reviews can be found in Fanger (1970), Landsberg (1972), Givoni (1976),  Driscoll (1992), and Parsons (2003).

Another approach starts from a holistic view. The synoptic approach is based on the identification of weather types in a given locality. Several studies have identified that specific weather types (air masses) adversely affect mortality (Kalkstein and Davis, 1989). Kalkstein successfully extended this approach to heat health warning systems  (HHWSs) in the 1980s. The synoptic procedure classifies days that are considered to be meteorologically homogeneous. This is accomplished by aggregating days in terms of some meteorological variables, such as air temperature, dew point, cloud cover, air pressure, wind speed and direction, measured 4 times daily. The classification must be specifically derived for each particular locality.

3 Results

Consequently dealing with the thermophysiologically significant assessment of the thermal environment requires the application of a complete heat budget model that takes all mechanisms of heat exchange into account as described in eq. 1. Such models possess the essential attributes to be utilised operationally in most biometeorological applications in all climates, regions, seasons, and scales. This is certainly true for MEMI (Höppe, 1984 and 1999) (unfortunately MEMI lost its sensitivity to latent heat fluxes by the PET approach!), and the Outdoor Apparent Temperature (Steadman, 1984 and 1994). However, it would not be the case for the simple Indoor AT, which is the basis of the US Heat Index, often used in outdoor applications neglecting the addition "Indoor". Other good indices include the Standard Predictive Index of Human Response approach (Gagge et al., 1986), and Out_SET* (Pickup and de Dear, 2000; de Dear and Pickup, 2000), which is based on Gagge's work. Blazejczyk (1994) presented the man-environment heat exchange model MENEX, while the extensive work by Horikoshi et al. (1995, 1997) resulted in a Thermal Environmental Index. Fanger's (1970) PMV- (Predicted Mean Vote) equation can also be considered among the advanced heat budget models if Gagge`s et al. (1986) improvement in the description of latent heat fluxes by the introduction of PMV* is applied. This approach is generally the basis for the operational thermal assessment procedure Klima-Michel-model (Jendritzky et al., 1979; Jendritzky et al., 1990) of the German national weather service DWD (Deutscher Wetterdienst) with the output parameter "perceived temperature, PT" (Staiger et al., 1997) that considers a certain degree of adaptation by various clothing. This procedure is run operationally taking an acclimatisation approach into account quantitatively. Nevertheless, so far DWD is the only national weather service to run a complete heat budget model (Klima-Michel-model) on a routine basis to a larger extent for its applications in human biometeorology.

4 Discussion

Simple indices are simple to calculate and forecast. The accuracy of forecasts based on simple  indices using only one or two parameters is therefore relatively high because uncertainty increases as the number of input variables increase. In addition, they are most easily understood by the general public and other stakeholders (such as health service providers) (Koppe et al., 2004).  However, due to their simple formulation (by neglecting relevant fluxes or variables, respectively; see eq. 1),  these indices can never fulfil the essential requirement  that for each index value there must always be a unique thermophysiological effect, regardless of the combination of the meteorological input values. 

Do people really suffer from temperature which is implied in most epidemiological studies by the expression “temperature related mortality”? No, people die from heat load, not from temperature! While in former times due to lack in knowledge and, later, missing access to computer power, the simplifications must be tolerated. However, the ignorance how nowadays people deal with thermophysiological basics is annoying.

Although the holistic approach is meanwhile successfully implemented in numerous HHWSs the basic question rises: If we agree that the heat exchange between the human being and the thermal environment physiological is in principle correctly described by eq. 1 why do we need a weather classification?
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Although each of the above mentioned heat budget models (Figure 2) is in principle appropriate for use in any kind of assessment of the thermal environment none of the models are accepted as a fundamental standard, neither by modellers nor by users. On the other hand, it is difficult to accept that after more than 30 years experience with heat budget modelling and easy access both to IT and meteorological data, people still use oversimplified and thus unreliable indices or even just air temperature.
Figure 2
PMV Predicted Mean Vote, PT* Perceived Temperature, PET Physiological Equivalent Temperature, OUT_SET* Outdoor Standard Effective Temperature, AT Apparent Temperature, WCT Wind Chill Temperature, Tsk mean skin temperature, SR sweat rate, Esk evaporative heat loss, Wsk wetness of the skin, Icl insulation of clothing, clo clothing value, Ta air temperature, Tmrt mean radiant temperature, v wind velocity, e water vapour pressure.

ISB recognised this issue some years ago and established a Commission ”On the development of a Universal Thermal Climate Index UTCI” (www.utci.org). Since 2005 the COST Action 730 (Cooperation in Science and Technical Development) provides the additional basis that at least the  
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Figure 3
Schematic presentation of a physiological model of human thermoregulation (Fiala et al., 2001)
European scientists can join together on a regular basis in order to achieve significant progress to derive such an index as a standard (www.utci.org/cost). Aim is a standard based on scientific progress in thermophysiological modelling of the last 30 years as exemplarily presented in Figure 3 (see Jendritzky et al.: COST Action 730 in this proceedings).
REFERENCES

Blazejczyk, K.  (1994): New climatological-and-physiological model of the human heat balance outdoor (MENEX) and its applications in bioclimatological studies in different scales. Zeszyty IgiPZ PAN, 28, 27-58.

Driscoll, D.M. (1992): Thermal Comfort Indexes. Current Uses and Abuses. Nat. Weather Digest, 17, (4), 33-38.

De Dear, R., Pickup, J. (2000): An Outdoor Thermal Environment Index (OUT_SET*) - Part II - Applications. In, de Dear, R., Kalma, J., Oke, T., Auliciems, A. (eds.), Biometeorology and Urban Climatology at the Turn of the Millenium. Selected Papers from the Conference ICB-ICUC'99 (Sydney, 8-12 Nov. 1999). WMO, Geneva, WCASP-50, 258-290.

Fanger, P.O. (1970): Thermal Comfort, Ana​lysis and Application in Environ​ment Engineering. Danish Techni​cal Press, Copenhagen.

Fiala D., Lomas K.J., and Stohrer M. (1999): A computer model of human thermoregulation for a wide range of environmental conditions: The passive system. J. Appl. Physiol., 87 (5), 1957-1972.

Fiala D., Lomas K.J., and Stohrer M. (2001): Computer prediction of human thermoregulatory and temperature responses to a wide range of environmental conditions. Int. J. Biometeorol., 45, 143-159.

Givoni, B. (1976): Man, Climate and Architecture. Appl. Sci. Publishers, London, 483.

Gagge, A.P., Fobelets, A.P., Berglund, P.E. (1986): A standard predictive index of human response to the thermal environment. ASHRAE Trans., 92, 709-731.

Höppe, P. (1984): Die Energiebilanz des Menschen. Wiss. Mitt. Meteorol. Inst. Uni München, 49.

Höppe, P. (1999): The physiological equivalent temperature - a universal index for the biometeorologi​cal assessment of the thermal environment. Int. J. Biometeorol., 43, 71-75.

Horikoshi, T., Tsuchikawa, T., Kurazumi, Y., Matsubara, N. (1995): Mathematical expression of combined and seperate effect of air temperature, humidity, air velocity and thermal radiation on thermal comfort. Archives of Complex Environmental Studies, 7, (3-4), 9-12.

Huizenga C., Zhang H., and Arens E. (2001): A model of human physiology and comfort for assesssing complex thermal environments.  Building and Environment 36, 691-699.

Jendritzky, G., Sönning, W., Swantes, H.J. (1979): Ein objektives Bewertungsverfahren zur Beschreibung des thermischen Milieus in der Stadt- und Landschaftsplanung ("Klima-Michel-Modell"). Beiträge d. Akad. f. Raumforschung und Landesplanung, 28, Hannover.

Jendritzky, G., Maarouf, A., Fiala, D., Staiger, H. (2002) : An Update on the Development of a Universal Thermal Climate Index. 15th Conf. Biomet. Aerobiol. and 16th ICB02, 27 Oct – 1 Nov 2002, Kansas City, AMS, 129-133.

Koppe, C., Kovats, S., Jendritzky, G., Menne, B. (2004): Heat-waves: risks and responses. World Health Organization. Health and Global Environmental Change, Series, No. 2, Copenhagen, Denmark.
Landsberg, H.E. (1972): The Assessment of Human Bioclimate, a Limited Review of Physical Parame​ters. World Meteorological Organization, Technical Note No. 123, WMO-No. 331, Geneva

Parsons, K.C. (2003): Human thermal environments: the effects of hot, moderate, and cold environments on human health, comfort and performance. – Taylor & Francis, London, New York, 527pp.

Pickup, J., de Dear, R. (2000): An Outdoor Thermal Comfort Index (OUT_SET*) - Part I - The Model and its Assumptions. In, de Dear, R., Kalma, J., Oke, T., Auliciems, A. (eds.), Biometeorology and Urban Climatology at the Turn of the Millenium. Selected Papers from the Conference ICB-ICUC'99 (Sydney, 8-12 Nov. 1999). WMO, Geneva, WCASP-50, 279-283.

Staiger, H., Bucher, K., Jendritzky, G. (1997): Gefühlte Temperatur. Die physiologisch gerechte Bewertung von Wärmebelastung und Kältestress beim Aufenthalt im Freien in der Maßzahl Grad Celsius. Annalen der Meteorologie, 33, 100-107.

Steadman, R.G. (1984): A Universal Scale of Apparent Temperature. J. Clim. Appl. Meteor., 23, 1674‑1687.

Stolwijk, J.A.J. (1971): A mathematical model of physiological temperature regulation in man. NASA contractor report, NASA CR-1855, Washington DC.

Tanabe S.I., Kobayashi K., Nakano J., Ozeki Y., Konishi M. (2002) Evaluation of thermal comfort using combined multi-node thermoregulation (65MN) and radiation models and computaional fluid dynamics (CFD). Energy and Buildings, 34, 637-646. 

Wissler E.H. (1985): Mathematical simulation of human thermal behaviour using whole body models. In: Shitzer A. and Eberhart R.C. (ed) Heat transfer in medicine and biology - analysis and applications, Plenum Press, New York and London, 325-373.





















� EMBED Word.Document.8 \s ���








[image: image4.png]Thermophysiological Assessment of the Thermal Environment

Descriptive term Thermophysiology  Meteorology
E.IIYI*V °-C Heat budget models
A PET °C (one or two nodes) T.
S
s OUT_SET* °C Fanger (1970)
. AT 1,23 °C Uendritzky et al. (1979,1991) Toort
o Steadman (1984,1994)
S (WCT) OC Hoeppe (1984,1999)
s Tsk C 1 Gagge et al. (1986) v
SR kgs Blazejczyk (1994)
m Esx Wm-2 Horikoshi et al. (1995,1997) e
e W o, Pickup&de Dear (2000)
n | sk I° Bluestein&Osczevski (2002)
t cl Clo etc.
?
?




_1182877074.doc
[image: image1.png]Local Regulation Central Nervous System Regulation

Q10-effect dhnn.w,./aﬂ‘t> [ Regulator

Shivering of Muscle
Blood Flow

swesting & | Bad >
skin bl. flow

Tekio
| A
Q‘ﬂ@ffﬂ‘sdt Ay
metabolism | B
(blood flow)
< »
43 AT Sweating [—|——
= ! passive system at
T
b T * AQmacsn
ABu
dm, /dt

ABrae








