
 

 

 

 

 

D 1.1 Choosing an occupational heat stress index -- the "HEAT-SHIELD Index". 

 

Preface  

 

The present summary and report is intended for decision-makers (e.g. politicians, 

international health/occupational organizations) and stakeholders (e.g. future collaboration 

with other climate services and researchers within thermal physiology) to provide an 

overview and background for the rationale leading to our choice of heat-stress index.  

 

On behalf of all contributing experts and authors 

 

Tord Kjellström, Andreas Flouris and Lars Nybo  

 

  
  

 

About the Heat-Shield logo:  

The red temperature/degree sign signifies the heat and the seriousness of hot temperatures 

and heat stress, while the dark green font chosen for the HEAT-SHIELD is the 

complementary colour to the red and hence symbolize the project aims of counter-acting heat 

stress. Furthermore, the green heat-shield font associates to nature and our aims of providing 

sustainable solutions for addressing heat stress.  



THE "HEAT-SHIELD Index” - an occupational and practical applicable heat stress 

index 

 

 

Summary and recommendations 

 

The impact of environmental thermal stress on human health and functioning relies both on 

the surrounding climate and physiological factors such as the individual thermoregulatory 

capacity, work intensity, clothing and other behavioral strategies. More than 170 heat stress 

indices are described in the literature, but it is clear that no perfect index may cover all heat 

stress scenarios. The HEAT-SHIELD project has decided to use a modified WBGT index 

calculated from validated formulas using weather station data. This includes open in-sun 

(non-sheltered) and in-shade (sheltered) conditions for both long-term projections and short-

term warning of environmental heat-stress conditions. We may label our index the "HEAT-

SHIELD Index" as it depends on calculations based on current and future modeled weather 

station data, which does not fit the formal international standard method for WBGT 

measurement.  However, this index and the interpretation of its values will be further 

explored in WP2 of this project.  

 

The WBGT index is chosen because it can be calculated (estimated) from standard weather 

and climate model data as well as measured locally at workplaces. The purpose of using this 

index in HEAT-SHIELD is for general environmental warning at population level, whereas 

more sophisticated/complex indices may be used for evaluating specific work conditions 

when individual factors such as clothing, metabolic heat production, age, gender and 

acclimatization status are known. We encourage that future analyses include other indices in 

addition to WBGT (calculating from climatic data – temperature, humidity, wind speed and 

heat radiation) to identify the best heat stress variable for assessing health or productivity 

impact. Such analyses should also evaluate differences in the impact of the mean, maximum 

or minimum daily values. 

 

At this stage, the modified version of the WBGT is considered to fulfill the purpose for 

general warning (with individualized limits for different populations and industries) and for 

identifying long-term effects of importance for impact on policy making. Comparisons of 

current and future heat-stress scenarios in Europe with other parts of the world experiencing 

major heat stress can also be performed. 

 

  



Background 

 

The European Commission funded HEAT-SHIELD project (2016-2020; Horizon2020) aims 

at protecting working people from excessive heat exposure in workplaces. This is a key 

aspect of occupational health, and increasing heat exposures caused by climate change 

creates further health and productivity risks (Kjellstrom et al., 2009; Jacob et al., 2014). 

 

One or more relevant and scientifically designed heat stress indices will be needed, so that 

short-term weather forecasts (up to 10 days) and long-term (months, years) projections can 

include suitable heat warnings. These should be based on estimates of the most likely impacts 

on health and labour productivity and should assess the need for preventive policies and 

actions [EuroHEAT (2006) EuroHEAT heat wave probability forecasts. http://www.euroheat-

project.org/dwd/index.php]. An index that fits these criteria needs to have a combination of 

characteristics as listed in Table 1. 

 

Table 1. Characteristics of a suitable heat stress index for HEAT-SHIELD 

 

1.  Calculable from routine weather station data and weather forecast/climate model output. 

2.  Relevant for working conditions, which means that it can be linked to local climate  

conditions (based on air temperature, humidity, wind/air velocity and solar/heat    

radiation), metabolic rate and clothing via an interpretation model. 

3.  Relevant for different types of health and productivity impacts of heat. 

4.  Relevant for different age, sex, fitness level, acclimatization status and job type groups in  

 different economic sectors. 

5.  Simple to communicate and understand, and ideally accessible via the internet. 

 

Over the last 100 years more than 170 heat stress indices have been proposed by various 

thermal physiologists and occupational/environmental health professionals (de Freitas and 

Grigorieva, 2015).  Some have been developed from observations of the negative impacts on 

working people at different heat levels and others have been developed from detailed 

physiological models of the links between heat exposure and human performance or clinical 

health. In this report we will focus on indices that are suitable for assessing workplace heat 

conditions. For, a detailed description and in-depth discussion of all heat indices considered 

of relevance for the HEAT-SHIELD project and accompanying warning systems we refer to 

the more detailed scientific paper by Morabito et al., 2016 (in preparation). 

 

An issue of great importance in this project is the requirement that the index will be used for 

short- and long-term weather warning purposes and therefore should be deducible from 

weather station and climate modelling data. Suitable calculation methods are available for 

several heat stress indices (e.g. Lemke and Kjellstrom, 2012; Lemke et al., 2016), and details 

will be presented in the scientific publication (Morabito et al., 2016). This means that the 

index is based only on environmental variables relevant for heat exposure: temperature, 

humidity, air movement and heat radiation. In real work situations heat stress is also 

influenced by the work intensity (the worker’s metabolic heat production) and the boundary 

effects provided by clothing or protective items worn by the worker (Parsons, 2014). The 

workplace heat stress may in addition be worsened by heat sources inside the workplace or 

lessened by local/artificial cooling. These factors have major impacts on the occupational 

heat stress and the resulting heat strain, and should be considered within a conceptual 

framework like the one presented in Figure 1.  

 

http://www.euroheat-project.org/dwd/index.php
http://www.euroheat-project.org/dwd/index.php


In addition, the impact in different population groups with different vulnerability will be 

interpreted within such a framework. For a given occupational setting and for general health 

warning purposes this will be translated into considerations of "which heat level is too high?" 

This leads to consideration of prevention strategies for a given heat stress condition.  

 

 

Figure 1. Schematic Heat Stress Index and interpretation fundamentals. 
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Prevention decisions 

 

 

 

 

Heat stress conditions and impacts on working people 

It is a well known that physical activity will elevate the endogenous heat production by the 

active muscles that must be transferred away from the body to maintain a normal and healthy 

body temperature close to 37°C. Skin temperature is normally between 30 and 33°C, but 

increases with heat stress. However, when the surrounding air is hotter than 35°C evaporation 

of sweat becomes the only physiological mechanism for reducing body temperature. Transfer 

of surplus heat from the body involves convection (depending on skin temperature and air 

temperature), radiation (depending on difference between skin temperature and surrounding 

physical environment), and evaporation of sweat (depending on humidity and air movement 

over the skin; for details we refer to Morabito et al., 2016).   

 

Prevention judgement:  
Which heat level is too high?  

(considering exposure duration and other 

confounding factors ) 

Different clinical health effects and human 

performance impacts (heat strain): 

Which effects are we trying to prevent? 

Different heat sensitivity 

in groups, by age, sex, 

medical conditions, etc 

Personal parameters: 
Metabolic rate, clothing 
Different tasks/work modes 

creating internal heat 

production, and requiring 

different clothing, local heat 

sources 



In most physical jobs the person moves arms and legs at a speed close to 1 m/s, so the air 

movement over the skin is at least at this level.  From a pure physics point of view, the 

impact on evaporation, which determines the heat transfer from body to air, is related to the 

actual movement of air over the skin and water vapour gradient between the skin and 

environment. Some heat stress standard measurement methods (e.g. ISO, 1989) assume non-

moving measurement equipment, but if the worker moves the evaporation influence of air 

movement over the skin needs to be considered.  

 

The more intensive physical work, or the higher metabolic rate this involves, the more heat is 

created internally. The convection, conduction and radiation of heat from the body to the 

surrounding air or environment, and the evaporation of sweat also depends on the clothing 

used (Gao et al., 2012; Wang et al., 2013; Wang and Gao, 2014). Workers using special 

protective clothing may be particularly vulnerable to over-heating. For instance, the 

protective clothing used by health service staff during the recent Ebola outbreak created 

severe heat stress in the hot surrounding air (Kuklane et al., 2015).  

 

Figure 2. Framework of causal pathways for direct heat effects on working people;  

the internal heat production is related to metabolic rate, and the conversion to heat stress 

depends on clothing used (Adapted from Kjellstrom, et al., 2015). 

 

 

 

The external heat stress conditions are dependent on air temperature, humidity, air movement 

over the skin and heat radiation (outdoors usually from the sun). An effective heat stress 

index combines these inputs into one number, which can be interpreted in relation to work 

intensity and clothing. Some indices incorporate work intensity and clothing into the output 

value, but for all indices the existence of an interpretation method that includes those 

variables is a key requirement. During indoor work existence of effective cooling systems 



makes it possible to control the microclimate to achieve a healthy environment. However, 

many indoor factories or workshops cannot easily provide effective cooling, and like work 

situations in the shade outdoors these workplaces are experiencing the heat load from the 

ambient air. During outdoor work in the sun, the solar heat radiation will significantly 

increase heat stress, particularly in the hours around midday.  

 

The health and comfort effects of heat (Figure 2) range from heat stroke mortality to reduced 

labour productivity (see also Sahu et al 2013, Junge et al 2016 or UNDP report from 2016). 

The latter may be caused by physiological tiredness, cardiovascular stress, impaired cognitive 

function, thermal discomfort and lack of restful sleep when it gets too hot. The clinical health 

effects include effects on specific organ systems (e.g. cardiovascular system and kidneys). 

The details of human heat physiology and clinical occupational health relevant to assessing 

heat stress indices are described in the Appendix 1. 

                 

Heat stress impacts on enterprises, communities and countries 

Excessive heat stress causes serious clinical symptoms and disease, mainly from effects on 

the heart, kidneys, and brain (Bouchama and Knochel, 2008). The symptom of heat 

exhaustion makes it difficult to carry out physical and mental work (Parsons, 2014).  

However, even before clinical symptoms manifest themselves, individual workers are 

affected and continuous work on an hourly basis becomes difficult. In order to prevent heat 

stress symptoms and diseases more rest has to be taken, work pace has to slow down ("self-

pacing", Miller et al, 2011), and the worker needs to replace all sweat by drinking water. In 

very affected physical job situations, the daily sweat amount and water replacement need may 

be as high as above 10 litres (Brake and Bates, 2003). For example, in one recent study high 

levels of thermal and cardiovascular strain were experienced by electrical utility workers 

during daily work (Meade et al., 2015); as many as 75% of the 32 tested workers surpassed 

the ACGIH core temperature threshold for non-acclimated workers. Furthermore, the core 

temperature of 22% of the monitored participants exceeded the ACGIH upper limit for 

acclimated workers with two workers experiencing peak core temperatures equal to or in 

excess of 39.5°C. 

 

Another study (Meade et al., 2016) found that small differences in a worker’s hydration status 

can have a profound impact on the level of thermal and cardiovascular strain experienced for 

a given work output. It can influence the level of work output achieved for a given increase in 

physiological strain. The majority of workers did often report to work inadequately hydrated, 

with 62% of monitored workers considered dehydrated, prior to the work shift (Meade et al., 

2016). Hydrated workers spent ∼10% more of the work shift performing work considered as 

moderate effort in comparison to their dehydrated counterparts.  

 

National and international guidelines (e.g. ISO 7243, 1989 and other ISO standards) for 

worker heat protection recommend extra rest periods and reduction of the workload as a way 

to protect workers, but the outcome is reduced hourly labour productivity. This creates an 

important conflict between health protection and economic performance at individual and 

enterprise level. In jobs with piece-pay systems the worker will lose hourly income if extra 

rest is taken. The labour productivity of enterprises is also reduced. 

 

At community and national level these effects on individual workers and workplaces will 

reduce economic outcomes, and in very competitive sectors, the reduced productivity may 

lead to loss of local investment and poor economic performance. Heat stress, and the 

additional heat created by climate change, will therefore undermine overall economic 



development in affected locations. Analysis of future trends can guide proactive application 

of preventive approaches, and in this analysis a heat stress index that reflects the likely future 

impact is a must. 

 

Comparing indices 

Of the 170+ thermal exposure indices that have been published in the past (de Freitas and 

Grigorieva, 2015) only a few have received enough attention to become widely used in 

workplace heat protection and environmental heat warning systems. The project team 

compared the small number of core heat stress indices that were potentially fitting with the 

project criteria in Table 1. The index should ideally be familiar to occupational health 

practitioners as the aim was to recommend it from HEAT-SHIELD for future use in 

European industry sectors, heat-warning systems and climate impact assessments.  

 

Recent publications presenting different indices were reviewed (e.g. Blazejzyk et al., 2012; 

Havenith and Fiala, 2016; Gao et al., submitted; Lemke and Kjellstrom, submitted), but a 

direct comparison using the criteria in Table 1 was not available. 

 

Six indices were compared using a list of questions relating to the criteria (Table 2). Only 

CET, WBGT, PHS and UTCI can be calculated for in-sun heat exposures, and UTCI is 

specifically designed for general population heat stress assessments and not for workplaces. 

WBGT has a detailed "interpretation model" system to use in workplace assessments.  

 

The indices included are: 1 = Tw (psychrometric wet bulb temperature); 2 = CET (Corrected 

Effective Temperature); 3 = WBGT (Wet Bulb Globe Temperature); 4 = AT (Apparent 

Temperature; similar to Humidex and Heat Stress Index); 5 = UTCI (Universal Thermal 

Climate Index); 6 = PHS (Predicted Heat Strain). 

  

It should be pointed out that for specific heat exposure conditions, such as exposure in the 

shade in very hot air, the calculation results for several indices may in fact be linearly 

correlated (Lemke and Kjellstrom, submitted) and the heat risk assessments will give similar 

results. Another issue of importance is the type of physical activity carried out in extreme 

heat conditions. A recent study of high performance cyclists in a laboratory (Junge at al., 

2016), which included estimations of air temperature, WBGT and UTCI at different heat 

exposure levels, showed poor agreement with the power output of the cyclists. The cooling 

effect of wind was a key factor, and this will require further analysis of the way a heat stress 

index is calculated.  In the meantime, Table 2 indicates that WBGT meets more criteria than 

the other indices and we concluded that it should be our main recommended index at this 

stage. The examples below will therefore indicate WBGT results. 

 

Table 2. Questions of relevance to each Heat Stress Index (numbered as above). 

  Some answers still under review (details in Morabito et al., 2016)  

 

                           Answers Yes (Y) or No (N)  Different indices 

Question 1 2 3 4 5 6 

Is the Index related to a specific health or performance effect? N N Y N N Y 

Can the index quantify heat exposure in shade and in sun N Y Y N Y Y 

Can the Index be calculated based on weather station data? Y Y Y Y Y N 

Is there an accepted valid calculation formula available? Y N Y Y Y Y 

Is the Index suitable for assessing future higher heat levels in 

workplaces? 

Y Y Y Y N Y 



Can the Index be interpreted for workplace situations and is it 

classified into different heat stress levels? 

N Y Y N N Y 

Can the Index be interpreted in relation to different metabolic 

rates and clothing?   

N Y Y N N N 

Is there substantial experience of use of the Index in occupational 

health situations? 

N N Y N N N 

Are there publications supporting the Index, and is there actual 

evidence behind these conclusions? 

N Y Y N Y Y 

Are there publications criticizing the Index, and is there actual 

evidence behind these conclusions? 

N Y Y N Y Y 

Can the Index results be easily communicated and understood? Y Y Y Y Y N 

Has the index been validated by laboratory or field studies ? N Y Y Y N Y 

Is the index familiar to Occupational Health practitioners N N Y Y N N 

 

Risk functions for health and productivity impacts on working people 

The different negative impacts on health or productivity are likely to follow standard 

biological exposure-response relationships or risk functions (Gaussian, "normal", 

distributions), as shown in environmental and occupational health textbooks (refs) for many 

hazards. Figure 3 shows an example of how hourly heat exposure level (based on calculated 

WBGT) affects productivity in the two epidemiological studies available (Wyndham, 1969; 

Sahu et al., 2013), and how the international standard recommends reduced hourly work time 

(ISO 7243, 1989). The higher recommended reduction of work time by ISO 7243 than the 

actual average reductions in real life work situations reflects the "safety factor" included in 

the standard (compare 50% loss levels, Figure 3). 

 

We estimated that the hourly metabolic rate in the work carried out in the Wyndham studies 

(gold mining workers in South Africa in the 1950s and 1960s) and the Sahu study (rice 

harvesters in West Bengal area, India, in the 2010s) were at approximately 300W. The actual 

data go up to 60% work productivity loss for the Wyndham data and up to 40% loss for the 

Sahu data. In both work situations we can assume that light clothing was worn. If protective 

clothing is used the risk functions would move to the left (lower heat levels). Beyond the data 

range we extrapolate continuing the shape of the cumulative "normal distribution". The 

International Standards (ISO 7243, 1989) graphic is based on the recommended hourly rest 

breaks in the standard. The figure also includes the potential curves for 200W and 400W 

work using the difference of WBGT values at the 50% rest level between these metabolic 

rates in the standard. There are a number of studies of heat impacts on working people (see 

examples in Morabito et al., 2016), but very few have made quantitative comparisons 

between heat stress index levels and health or productivity impacts. 

 
The impacts of heat on an individual worker, an enterprise or a larger community (or country) can be 

estimated with these risk functions. Based on both the epidemiological data (combined 300W) and the 

international standard (ISO 300W) the reduction of productivity starts at a WBGT of approximately 

26 °C (Figure 3). If WBGT is at 30 °C, the loss for an average worker in a 300W job is at 20%, and if 

the worker acts in accordance with the ISO standard, the loss would be 50%. For a factory without air 

cooling systems, the internal and external (in the shade) heat will be similar and the weather station or 

climate modelling data can indicate the risks for all unprotected workers in the factory.    

 

 

 



Figure 3. Exposure-response relationships (risk functions) for workplace heat and labour 

productivity.  Combined S-W is based on both Wyndham and Sahu studies (Kjellstrom, et al., 

submitted). 

 

 
 

The current heat levels in some selected European and tropical cities are shown in Table 3. 

The monthly average WBGTmax (afternoon) values in places like Seville and Nicosia are 

already above 26 °C and by 2085 the values would have increased 3-4 C ( see "Your Area" in 

www.climatechip.org).  Table 3 indicates potential tropical hot locations for current testing of 

different heat indices at heat levels similar to what South Europe will experience at the end of 

this century. The selected tropical cities all have similar maximum temperature and heat 

stress index values as the projected values for Europe in 2085.  

 

Table 3. Comparisons of current/recent monthly average heat levels in European and tropical 

cities and future projections for Europe. Input conditions in Table 3: Future = RCP6.0, 

HadGEM model,  Temperature and WBGT units = °C, data from www.ClimateCHIP.org,  

Trend unit = degrees per decade change (global 2°C from 2000 to 2100 = 0.20 

degree/decade).  

 

 Hot month, Tmax, 

monthly average 

Trend line, 

Tmax 

Hot month, WBGTmax, 

monthly average 

Trend line, 

WBGTmax 
Location Recent 

(1981-

2010), °C 

Future 

(2071-

2099), °C 

Recent 

(1981-2010) 

°C/decade 

Recent 

(1981-2010), 

°C 

Future 

(2071-

2099), °C 

WBGT, into 

future (1981-2099) 

°C/decade 

     European cities 

Seville July, 35 July, 39.7 0.38 26.5 29.5 0.31 

Barcelona July, 28.5 July, 34.7 0.33 23.8 27.2 0.35 

Bologna July, 31 July, 38 0.65 25 29 0.48 

Athens July, 32.5 July, 37 0.69 24 28 0.37 

Nicosia July, 36 July, 40  0.53 27.2 30.5 0.34 

    South-East Asia cities 

Kolkata April, 36  0.24 May, 31  0.27 



Bangkok April, 36  0.12 April, 30.5  0.24 

Phnom Penh April, 35  0.26 April, 29.5  0.23 

Chennai May, 38  0.11 May, 32  0.25 

Delhi May, 39  - 0.08 June, 30  0.28 

 

Based on Figure 3 and Table 3 potential "case studies" can be described. The workers in a 

factory in Seville or Nicosia (working at 300W), who are exposed to the ambient air heat 

levels, would at a WBGT of 27 °C in the afternoons would only loose a few percent of 

productivity due to heat, but in 2085 when the WBGT is at 30 °C they would lose 20%, or 

almost one of four hours, if they work in the hot afternoons.  A job in the sun adds 2-3 °C to 

the WBGT (Kjellstrom et al., 2013), which would cause average productivity loss at 10-20% 

higher levels (Figure 3). 

 

For a whole enterprise or a community these losses are related to the work activities carried 

out at different times of a day and during the year. More specific calculations with annual 

weather condition variations, heat variations during a day in different months and workforce 

distribution data for a particular area are required. A set of country examples for work in the 

shade at 300W has recently been published by the UNDP (2016) and it shows annual work 

hour losses in Europe at much lower levels than tropical countries. However, studies in 

tropical countries now can give a good indication of the potential impacts in Europe later this 

century (Table 3). The risk functions are uncertain and based on very few studies, so 

additional field studies and analysis will be of great value.  

 

Weather forecast and climate modelling input data  

 

Current situation and short-term forecasts 

As indicated above, the key climate variables to be included in impact and prevention 

assessments using WBGT in shade, or indoors without air cooling, are air temperature and 

humidity. In many work situations heat radiation from the sun does not occur, and the air 

movement can be estimated at 1 m/s (in certain jobs the air movement will be less; Gao et al., 

2015). This makes it possible to calculate many of the heat indices with specific 

mathematical formulas based on routine weather station data. However, local heat radiation 

may be substantial, e.g. in iron and steel works, brick kilns, food processing workplaces 

(bakeries, restaurants, etc.). Local heat measurements would then be needed to establish the 

current heat exposures, but weather station data can be used to estimate trends.  

 

 

Available weather forecast and climate model output typically includes air temperature and in 

many cases also humidity, radiation and wind speed. This is the foundation for comparative 

calculations of heat exposures now and in the future based on in-shade or indoor (without 

cooling) heat stress estimates. In common weather station reporting and short-term forecasts 

the humidity variable used is Relative Humidity (RH) in percent, but the RH is directly and 

strongly linked to the temperature. The ideal variable for heat stress index calculations is 

Specific Humidity (or Absolute Humidity), which can be calculated from temporally 

equivalent Temperature and Relative Humidity estimates. 

 

In order to estimate the additional heat exposure from solar heat radiation additional 

measurements at weather stations are needed. This could be the actual heat radiation in W/m2 

at workplace level, or it could be measured with a globe thermometer in actual current data 

collection. The availability of such heat radiation data is an important issue for the HEAT-



SHIELD project, as it is necessary for actual quantification of outdoor heat stress when 

working in the sun. The values will vary by the hour and peak during the midday hour. 

 

Longer term forecasts and climate change impacts 

 

The aim of the longer term forecasts is to assist communities, enterprises and government 

agencies in planning for any needed cooling of future workplaces and in developing policies 

for climate change impact prevention. A variety of climate change models are available and a 

detailed assessment was made in the latest IPCC assessment report (Collins et al., 2013). 

Comparing the 25 models used by the IPCC shows that there is a range of modelled global 

temperature changes by the end of this century between 1 and 4 °C in the latitudes between - 

60S and - 30S, between 3 and 6 °C in the tropical and sub-tropical latitudes, and in higher 

northern latitudes a wider range. The HadGEM2 and GFDL model results are often at the 

edges (Collins et al., 2013), so they may present the variability of results of all models. The 

multi-model-mean and the mid-point of GFDL and HadGEM are very close, so until it 

becomes clear which of the models in the "ensemble" one can trust most, we may keep using 

these models. MeteoSwiss is planning to use the EURO-CORDEX regional climate model 

ensemble (Jacob et al., 2014) for local-scale climate conditions in Europe. (During T1.1 we 

should make a comparison between CORDEX, HadGEM2 and GFDL). 

 

Maps of the future situation in Europe can be based on 0.5 x 0.5 degree grid cells (CRU and 

ISI-MIP data), but more local scale mapping will be explored in the continuing HEAT-

SHIELD work. As an example of current grid cell analysis we show below (Figure 4) 

WBGTmax (afternoon) values in the shade, calculated with the best method selected by 

Lemke and Kjellstrom (2012) (the Bernard and Pourmoghani, 1999, method; see comment 

below in conclusions). Levels in the sun may be 2-3 °C higher (Kjellstrom et al., 2013). If we 

consider WBGT >= 26 °C as a threshold for important health and productivity effects on 

working people (e.g. ISO, 1989), then values above 23 °C in the maps could cause impacts 

for outdoor workers.   

 

The calculated current situation (Figure 4) shows that monthly average WBGT in the 

afternoon shade areas goes higher than 20 °C in most areas of southern Europe, and go higher 

than 22 °C in large areas, and even as high as 26 °C in parts of southern Spain. The future 

values in Figure 4 are for the 30-year period 2070-2099 (called 2085), and the high values are 

spreading north. Then large areas will have monthly averages above 26 °C. The hottest 7 

days are above WBGT=30 °C in some areas and the hottest 3 days are above 30 °C in large 

areas. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 4. WBGTmax (afternoon) values now and at the end of this century averages for the 

three hottest months, the hottest month and lower limits for the 7 hottest days and the 3 

hottest days in the hottest month. (CRU = data from Climate Research Unit, University of 

East Anglia, Norwich, UK;  HadGEM and GFDL are two IPCC used models; 2085 = 30-year 

average 2070-2099).  
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CRU 1995 (1981-2010) WBGTmax of 

the monthly average of the Hottest Month 

HadGem and GFDL mid-point RCP 6.0 

2085 (2071-2099),WBGTmax, monthly 

average of hottest month. 

  
HadGem and GFDL mid-point, RCP6.0 

2085, WBGTmax, hottest 7 days in 

hottest month. 

HadGem and GFDL mid-point RCP 6.0 

2085, WBGTmax, hottest 3 days in 

hottest month. 

 

Conclusions and recommendations 

Our review at this stage leads us to recommend WBGT (or its calculated version) as a heat 

stress index to be used by HEAT-SHIELD and given further evaluations in WP2. As shown 

in Tables 1 and 2, the six heat stress indices we have assessed have certain advantages and 

disadvantages, but the WBGT appears to meet our criteria in Table 1 in the best way. It is 

designed for occupational health use and is very familiar to many practitioners in the field. It 

can be calculated from weather station data, but requires additional assessment and 

interpretation for local heat sources in the workplace and other specific local conditions. It 

can be interpreted based on different levels of work intensity and clothing, and already has 

health risk levels included in international and national standards.  

 

However, further testing of WBGT and other heat stress indices is recommended for WP2. In 

addition, in order to make estimates of heat stress levels carried out in different locations 



comparable it is important to use a standard set of measurement and calculation methods. 

WBGT is based on three temperature variables: dry bulb temperature (Ta), natural wet bulb 

temperature (Tnwb), and globe temperature (Tg). Methods for measurement are described in 

the international standard (ISO, 1989) and in textbooks (Parsons, 2014).  

 

For calculation of WBGT from weather station data a number of formulas have been 

proposed, but some of them will produce invalid results (Lemke and Kjellstrom, 2012). We 

recommend the Bernard and Pourmoghani (1999) method for in-shade conditions and the 

Liljegren et al. method (2014) for in-sun conditions based on a detailed comparison (Lemke 

and Kjellstrom, 2012). These formulas only contain variables available from weather stations, 

but they are elaborate and computer software for calculations will be available at the HEAT-

SHIELD website (www.heat-shield.eu)  

 

Bernard and Pourmoghani (1999) developed detailed equations for the WBGT calculations 

and they will not be repeated here. This computer software that uses weather station input 

data is available and will be used in the HEAT-SHIELD project in the next stages of tests and 

analysis in WP2.  

 

  

http://www.heat-shield.eu/


List of further information sources 

 

(to be added in consultation with EC) 
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