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Abstract

According to climate change scenarios, the average annual temperature will increase by 
around 4°C if current trends continue. Maximum temperatures, however, have already 
registered higher values in different regions of the world, increasing the number, dura-
tion and intensity of heat waves. With the increase of maximum temperatures and the 
increase of significance of heat wave events, reports of mortality episodes due to heat 
effects have been increasing. According to the information from the Centre for Research 
on Epidemiology of Disasters (CRED), 5 of the 20 deadliest disasters between 1996 and 
2015 were heat wave events. This chapter analyzes heat wave events, the criteria for 
determining dangerous temperature thresholds, as well as trends already observed, and 
those expected due to climate change. Heat wave events are correlated with observed 
increases on mortality rates, and recommendations are suggested to prevent their effects 
on human health.

Keywords: maximum temperatures, heat waves, heat and health, heat waves and 
climate change, heat wave mortality

1. Introduction

The number and cost of natural disasters related to climate have increased significantly in 
recent decades. Goklany [1] elaborated a study of the annual average number of climate-

related extreme events, recorded per decade, during 1900–2008. He found a highly remark-

able growth since the middle of the twentieth century; while 23 weather extreme disasters 
were observed in 1950–1959, and 354 were recorded only for the first decade of twenty-first 
century, until 2008.
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Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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According to Hoeppe [2], the number of events that caused human or material losses tripli-

cated from 300 in 1980 to 900 in 2014. In fact, in the 2018 Global Risks Report of the World 
Economic Forum, the risk of extreme weather events shows the most unfavorable combina-

tion of impact and probability of occurrence, which poses the greatest global risk to humanity 

nowadays [3].

Heat wave events have become a major concern, mainly due to their effects on human health. 
According to the World Meteorological Organization (WMO), the number of casualties due 
to extreme temperature grew 2300% between 1991 and 2000 and 2001–2010 [4] being, by 

far, the greatest growing rate among climate-related disasters. This pervasive trend of heat 
wave events keeps going. For instance, the Centre for Research on Epidemiology of Disasters 
(CRED) have reported that 4 of the 10 deadliest disasters in 2015 were heat wave events [5] in 

agreement with one of the key findings of the Intergovernmental Panel for Climate Change 
(IPCC) Fifth Assessment Report saying that “changes in many extreme weather and climate 
events have been observed since about 1950. Some of these changes have been linked to 
human influences, including a decrease in cold temperature extremes, an increase in warm 
temperature extremes …” [6].

In the last few decades, records of particularly dangerous heat wave events causing several 
deaths, even in developed countries with good public health services, have been reported. 

For example, the heat wave at Chicago in July, 1995 causing 514 heat-related deaths [7], the 

extreme heat of 2003 in Europe, affecting mainly France, with almost 15,000 deaths [8] and the 

one at the Russian Federation in 2010, which caused 55,736 deaths [9].

Climate change is expected to increase the average temperature as well as the probability of 

extreme climate, including heat wave events [10–12]. Moreover, the best climate data esti-

mates coming from the general circulation models are for average temperatures, making 

uncertainty in extreme temperatures and heat wave events much greater [13]. Predictions of 
temperature increases are based on results from the general circulation models. In this sense, 
the IPCC has estimated the performance of these models by comparing their results with 
 climate parameters observed during 1980–1999. For temperature, once the multimodel results 
(the average of 23 general circulation models) have been analyzed, the estimated error (the 
difference between observed and modeled data) is rarely higher than 2°C, even though the 
individual models may show errors of up to 3°C [14]. Nevertheless, the IPCC has pointed out 
that large-scale trends are simulated with higher accuracy than regional ones. Therefore, the 
analysis of the vulnerability to and effects of climate change, at local or regional levels, must 
be based on observed evidence. Hence, local trend analysis is crucial for the analysis of heat 

wave events. Another reason, probably more important, for local analysis of heat wave events 

and extreme temperatures is that its effects on human health depend to a large extent on the 
level of acclimatization of the local population, which includes not only physiological aspects, 
but others like practices of prevention, transportation patterns, age and/or type of constructed 
environment (i.e. [8, 15]).

Heat wave events have not been sufficiently considered by most governments, while more 
attention and resources paid to other phenomena with greater public visibility, such as floods 
or severe storms, for example. Usually, the population is also not fully aware of the risk posed 
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by extreme heat events. Therefore, any effort that spread heat wave events relevance, helps to 
mobilize governments, social organizations and individuals towards better prevention and a 
greater aware is of great importance; before, during and after a heat wave event.

2. Heat wave events: definition and thresholds

A heat wave is a period, usually lasting several days, with temperatures significantly higher 
than average or maximum values observed in the past during the same dates. The importance 
of extreme temperatures, and hence of heat wave events, becomes more significant when 
it affects human health. However, because the health-related effects of temperature depend 
on local factors—such as population acclimatization, age or health precondition—and other 
meteorological variables—such as humidity and wind speed—dozens of indices to determine 
the risk threshold of a heat wave have been reported. For instance, Smith et al. [16] listed 16 
indices used in the United States.

A group of indices suggests the use of apparent temperature, which is calculated as a function 

of the observed temperature and relative humidity. The best known of them has been rec-

ommended by the US National Oceanographic Administration (NOAA), where the apparent 
heat index is calculated with the following equation:

   

 H  
i
   = − 42.379 + 2.049T + 10.14R − 0.224TR − 6.83 ×

       10   −3   T   2  − 5.48 ×  10   −2   R   2  + 1.22 ×  10   −3   T   2  R + 8.52 ×     

 10   −4  T  R   2  − 1.99 ×  10   −6   T   2   R   2 

    (1)

where H
i
 is the apparent temperature, R is the relative humidity and T is the ambient tem-

perature (°F). A H
i
 of 124°F or higher is considered very dangerous.

The main drawback of the heat index is related with the lack of access to relative humid-

ity information. Recently, an extensive analysis to compare different heat indices with the 
registered health effects was carried out [17]. These authors found that simple indices based 
solely on temperature may be the most applicable for use in alert systems, but that all the 

corresponding temperature thresholds should be considered for regional analysis. Another 

group of threshold criteria establishes an absolute boundary to declare a heat wave, which is a 

specific value of the maximum temperature. So, for example, in the United Kingdom, the Met 
Office National Severe Weather Service (NSWSS) establishes a regional system with a thresh-

old of maximum day and night temperatures, as shown in Table 1. In Mexico, a threshold for 
heat wave events in Mexico City has been proposed [18] as a maximum observed temperature 

greater than or equal to 30°C for three or more consecutive days, with an observed average 
temperature of 24°C. These authors suggested that, to determine the absolute temperature 
limits used in these criteria, it is necessary to identify the temperature where the mortality 

increases over average values and can be attributed to heat waves.

A second group of thresholds is defined by statistical analysis, usually selecting some 
temperature value percentile as the upper boundary. Some indices use the average daily 
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temperature as reference temperature, while others—most of them—use maximum tem-

perature values. As for extreme temperature events duration, some indices consider a heat 

wave when temperature exceeds the threshold limit during two or more days, while others 

estimate a heat wave occurs when the limit is exceeded in a single day.

The WMO Task Team on Definition of Extreme Weather and Climate Events encourages the 
report of the number of days in a month above percentile 90th [20]. In France, after the heat 
wave in 2003, a warning system was defined with an index based on the maximum and mini-
mum temperatures, on average of 3 days, applicable to 96 cities of that country, based on 
studies in 14 pilot cities. Limits were determined by studying excess mortality caused by 
extreme heat, and the 98th percentile temperature value was used in the 2004 warning sys-

tem. Subsequently, in 2005, the limits were updated for some cities, based on a more detailed 
analysis, and adopting the 99.5th temperature value percentile as the threshold. The resulting 
limits rank from 18 to 36°C for Lille to 21 to 36°C for Toulouse [21–23].

The methodology used in the warning systems of the United Kingdom and France, based 
on local studies—by city or region—for the relationship between temperature and excess 

mortality is interesting. Nevertheless, mortality information may not be available or the 

costs of these studies may not be suitable to many communities, and protecting the popu-

lation through warning systems remains necessary. In these cases, it is advisable to use a 
boundary based only on maximum temperatures, with a conservative threshold used in 

national or international experience, for example, the 90th percentile, while the detailed 

studies are conducted.

It is worth to note that differences between definitions of heat wave events used in differ-

ent countries represent a limitation to elaborate comparative analysis on the phenomenon 

between different regions of the planet.

NSWWS Region Temperature, °C

Day Night

London 32 18

South East 31 16

South West 30 15

Eastern 30 15

West Midlands 30 15

East Midlands 30 15

North West 30 15

Yorkshire and Humber 29 15

North East 28 15

Table 1. Threshold maximum day and night temperatures defined by NSWSS [19].
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3. Heat waves, morbidity and mortality

Extreme heat and effects on the population’s health (higher morbidity and mortality) have 
been consistently reported in the last few decades [24–26]. As climate change effects become 
more significant, understanding and taking actions that may help to prevent heat-related 
health effects in the exposed population is an imperative topic that worth effort [27] in order 

to identify major trends, and vulnerable subpopulations since the frequency of these type of 

events is expected to increase in the near future [28, 29]. Some regions are expected to experi-
ence more intense, frequent and long-lasting extreme heat events by the second half of the 

twenty-first century with the corresponding health consequences.

While the scientific community remains discussing the best definition of a heat wave, such 
extreme weather-related events have continuously produced notable impact on human mor-

tality, regional economies and ecosystems [29]. When the consequences of climate change are 

considered, warmer climate is expected to generate more intense, longer lasting and frequent 

heat waves contributing not only to human mortality but causing economic impacts, inconve-

nience and discomfort. The threat posed by extreme heat in a society not properly prepared 
to respond to weather-related events is significant considering that heat waves are 3 of the 10 
worst natural disaster-related to the number of deaths recorded in 2013 [30].

Climate change sensitive areas are of particular concern mainly related with the effect of heat 
wave episodes on most vulnerable population subgroups such as children, the elderly, out-

door workers or inhabitants of urban areas [31]. Extreme heat events already account for the 

highest number of annual fatalities in the United States, and the annual number of heat waves 
has been found increasing for the average US city with increased length and intensity. Just to 
mention an example, Southwestern United States is a region of particular interest because it 
is predicted with increased average temperature and probability of extreme climate events, 

particularly in the second half of this century, based on results from general circulation mod-

els [32]. Among the different consequences, effects on population resulting of exposure to 
extreme heat range from dehydration, heat exhaustion, deadly heatstroke, kidney problems, 

lethargy and death; along with other side effects such as poor work attendance and/or perfor-

mance among the exposed population.

In general, according to IPCC, regions in the middle and high latitudes will experience the high-

est temperature increases in the course of this century with a mean global temperature expected 

up to 4°C [6], based on the results of general circulation models. They have noticed, however, 
that large-scale features of climate are simulated with more accuracy that regional- and small-

scale features, identifying the need of improved models capable of considering not only that 

changes in extreme events are not evenly distributed in space but characterized by particular 
patterns related to larger scale climate changes. Several of these places are projected also hav-

ing the largest increase in population over the next decade and a significant increase in the fre-

quency, last and intensity of extreme heat events [31] putting people and businesses at risk to the 
impacts of climate-related hazards. Figure 1 shows the rising heat wave trends in the large US 
cities as an example of the overall tendency related with heat waves all around the world [32].
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As shown, intensity on heat waves trends to increase as the frequency and heat wave season 

from the 1960s to 2000s, and only a slight decrease was identified for the duration of every 
heat wave event in the same period. The authors found the magnitude of the chance of the 
first three characteristics being rising by over 5% with the frequency of the heat wave increas-

ing 20% per decade, generating undesirable effects on the population.

High body temperature is usually related with increase in heart and respiratory rate and, 

when reaching extreme values, also with brain, heart, lungs, kidney and liver damage. All 

these body responses to extreme heat can hardly be ignored, generating people to visit emer-

gency rooms at hospitals and a significant amount of deaths every year. For example, only in 
the United States, more than 7400 people died from heat-related causes during 1999–2010 and 
over 65,000 visited emergency rooms each year [33, 34].

Table 2 shows the count of heat-health events accounted in California, USA between 2000 
and 2009, including the excess hospitalization count and quantile. As shown, the count of 
excess hospitalization occurring statewide ranks as high as the frequency of heat wave event 
increases probably due to the exhaustion generated for the extreme heat events in the popula-

tion organism [28].

Nevertheless, the trend in increasing the number of people suffering of heat-related effects is 
not privative of a specific location as suggested recently in a work where the temporal variation 
in heat-mortality associations in multi-country data set was assessed [35]. These authors found 
a significant prevalence of heat-related death in the studied period for the seven countries 
included in their study as shown in Table 3. Nevertheless, they found a decrease in the heat-

related mortality risk in most of the countries analyzed and, in some cases, completely abated.

Figure 1. Decadal average trend for different heat wave characteristics across 50 US cities [32].
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Year Event span Peak date Duration, days Excess hospitalizations

2000 May 18–24 May 21 7 217

Jun 12–16 June 14 5 299

Sept 5–9 Sept 7 5 700

2001 May 2–11 May 8 10 959

May 29–Jun 1 May 31 4 460

2002 Jun 7–13 Jul 9 7 848

2003 May 19–22 May 20 4 845

May 27–29 May 28 3 454

Jun 24–30 Jun 27 7 717

Jul 8–22 Jul 14 15 1063

Sept 10–15 Sept 13 6 629

Sept 17–23 Sept 22 7 839

2004 Sept 1–17 Sept 7 17 1657

2006 Jul 7–9 Jul 8 3 367

Jul 13–26 Jul 23 14 1254

2007 May 6–9 May 7 4 327

2008 May 13–18 May 16 6 903

2009 May 15–18 May 17 4 160

Aug 7–17 Aug 10 11 228

Table 2. Heat-health events in California, US in 2000–2009 (taken from [28]).

Country Total deaths Period Summer temperature, °C

Minimum Median Maximum

Australia 361,135 1988–1998 14.5 21.6 32.2

1999–2009 14.8 22.1 32.7

Canada 679,693 1986–1998 3.9 17.4 28.0

1999–2011 4.4 17.7 28.5

Japan 8,117,084 1985–1998 14.9 24.3 31.7

199–2012 15.3 25.1 31.6

South Korea 530,618 1992–2001 14.9 23.7 31.8

2002–2010 14.5 23.6 30.5

Spain 1,050,433 1990–2000 12.4 22.2 31.1

2001–2010 13.3 22.6 31.5
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Despite the controversial results, it is clear that exposure to extreme heat poses a significant 
threat to human health, mainly when pre-existing health conditions are present. The lack of 
information on the source of the risk or the physiologic response generated by extreme heat 

in the different individuals has been identified as a major gap in knowledge that worth to 
be filled [36] as well as the considerations for the proper diagnose of the heat-related effects 
on health.

4. Observed trends and climate change

The maximum temperature has shown a growing trend in recent decades. WMO has reported 
a steady increase in the number of countries reporting new maximum temperature records. 

As shown in Figure 2, while less than 10% of the countries reported new temperature records 
in 1961–1970, 44% (56 countries) reported new maximum temperature in 2001–2010 [4].

Most climate change publications have focused on average temperature values. However, a 

slight increase in the average temperature means, in a changing climate, a greater increase in 

maximum temperature values. Moreover, it can happen that average temperature does not 

change or even decrease while the maximum temperatures increase significantly. The expla-

nation of this phenomenon is found in the possible changes in temperature distribution of 

probabilities, as indicated by the IPCC (see Figure 3). Changes in the average temperature can 

Figure 2. Absolute country records of the daily maximum temperature [4].

Country Total deaths Period Summer temperature, °C

Minimum Median Maximum

UK 2,285,519 1993–1999 8.5 15.3 24.3

2000–2006 11.1 23.6 31.8

USA 6,994,609 1985–1995 11.1 23.6 31.8

1996–2006 11.7 23.6 31.9

Table 3. Heat-related deaths in seven countries during the last two decades (taken from [35]).
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Figure 3. Effect of changes in temperature distribution extremes [37].
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Figure 4. Maximum, average and minimum temperature trends observed in Mexicali, Mexico.

be produced, with a shift in the probability distribution toward areas of higher temperature 

(Figure 3a). An increase in variability may also occur, with more extreme temperatures—
both, cold and heat (Figure 3b)—or changes in the distribution symmetry with decrease in 
average temperature and increase in temperature at both extremes (Figure 3c).

To illustrate this phenomenon, Figure 4 shows the observed variation of minimum, medium 

and maximum temperatures in Mexicali (Northwestern Mexico) where an analysis on aver-

age temperature would indicate that the climatic change direction is to decrease, although in 

fact, it warms up and is increasingly higher for both diurnal and nocturnal values. Because 

minimum temperatures increase faster than maximum temperatures, average temperature 

value seems to decrease. In this case, changes in the symmetry of distribution probabilities are 
assumed. Therefore, the study of heat wave trends should be based mainly on maximum and 
minimum temperature analysis rather than average temperature values.

The IPCC special report on the risk of extreme events clearly states that “is very likely that 
there has been an overall decrease in the number of cold days and nights, and an overall 

increase in the number of warm days and nights” [37]. On the other hand, the magnitude of 

the change in the extreme temperatures depends on the region. There is sufficient evidence 
of significant increases in maximum temperatures, day and night, in North America, Europe 
and Australia. For the rest of the regions, it is necessary to consider the lack of data and 

detailed studies before a conclusion can be stated.

In the United States, a detailed study showed that in most of the continental territory, there is 
a positive trend in temperature for 1979–2011 with a level of significance greater than 95% in 
the Mann Kendall test [16]. These authors indicate that the regions of the United Sates with 
the greatest positive tendency are found in the Southeast and the Great Plains. These results 
are complemented by a study in the Southeastern United States and Northwest Mexico—the 
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Sonoran and Mojave Desert—where a positive trend, using the Spearman’s Rho test, dur-

ing 1960–2010 in maximum temperatures of Tucson and Phoenix in the United States and 
Obregon City and Mexicali in Mexico was found [31]. As shown in Figure 5, there is a clear 

trend of increase in maximum temperatures throughout the region, clearly seen by compar-

ing against average temperature over the analyzed time interval. During 2005–2010, the maxi-
mum temperature in Ciudad Obregon was 2.96°C higher than 1961–1965, 2.76°C higher in 
Phoenix, 2.52°C higher in Tucson, 2.3°C higher in Morelos Dam, 2.06°C higher in Mexicali and 
1.34°C higher in Las Vegas. The number of days that exceeds the 90th maximum temperature 
percentile were found also growing fast, as shown in Figure 6.

Europe has been subject to exceptional heat wave events. The 2003 heat wave in Europe, 
widely documented, caused more than 33,000 deaths, and extended with record tempera-

tures in the range of 35 to >40°C, from Portugal and England to Turkey [38]. France, the most 

affected country, reported more than 14,000 deaths [8]. During the 2010 heat wave in the 
Russian Federation, which caused more than 55,000 deaths, the temperature anomaly in 
Moscow was as high of +18°C in July [39]. In the United Kingdom, a definite trend in the 
increase of moderate heat wave events, both in number and duration, while the trends for 

extreme heat wave events are still unclear [40].

Australia is one of the countries that suffers most due to heat wave events. A report from 
the Australian Climate Council has found a notable increase in the magnitude, duration and 

frequency of heat waves. It has been found, for example, that in the last 50 years, the number 

Figure 5. Maximum monthly temperatures and linear trends for the Sonoran Mojave Desert region for the month August [31].
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of hot days in Australia has doubled and that “in the last hundred years, heat waves have 
caused more deaths than any other natural risk” [41]. Trend analyzes conducted so far show 
an increase in heat wave events’ intensity, duration and frequency [42].

There are reports from many other regions of the world, which report the same growing 
trends in the number and duration of heat waves [43–45]. However, it is essential to empha-

size the remaining lack of information and analysis in large areas, for example, at Central 
America, South America and Africa.

The trends observed in extreme heat and heat wave events, unfortunately, are in the direction 
predicted by climate change scenarios. Indeed, the Fifth Report of the IPCC indicates that 
during the twenty-first century, “it is very likely that heat waves will occur more often and 
last longer” [6]. The special report on extreme events of the IPCC is even more conclusive, and 
states that “it is virtually certain that increases in the frequency and magnitude of warm daily 
temperature extremes and decreases in cold extremes will occur in the twenty-first century at 
global scale” [37]. The magnitude of these events at the regional level, however, will depend 
on local variables such as elevation, synoptic effects, the occurrence of anticyclones, and so on, 
which is why more precise modeling at smaller scales is essential as well as their calibration 

according to the changes will develop over time.

For Europe, the results of a simulation model for the twenty-first century, with a mesh resolu-

tion of 50 km were recently published [46]. The report shows a highly significant increase in 
the number of days with heat wave events per year, the maximum average temperature and 

the frequency. From the trends in their report, the number of heat wave events per year will 

increase approximately, during 2000–2100, from 1 to 2.5 in Western Russia, from 10 to 27 in 
Eastern Europe and from 1 to almost 2.5 in Western Europe. The mean maximum tempera-

ture, in the same period, will grow from 19 to >24°C in Western Russia, from 20 to almost 26°C 
in Eastern Europe and from around 18 to >24°C in Western Europe [46].

Figure 6. Number of days that exceeded the 90th percentile of average maximum temperatures in August, in the Sonoran 
Mojave Desert region [31].
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Forzieri et al. [47] analyzed the impacts on the European population due to climate change, in 
a period of 30 years. With respect to heat waves, Table 4 presents their results of the changes 

in exposed population and expected deaths during 1981–2000 and 2071–2100.

For the United States, Kunkel et al. [48] estimated, for heat wave events in summer, that the 

annual 3-day heat wave temperature increased by 3–8°C and the number of heat wave days 
from 30 to 60 days per year. The analysis for other regions and countries also coincides in 
forecasting a growth of heat waves during the twenty-first century. For example, the study 
by Meehl and Tebaldi [29] can be cited who consider North America and Europe; the report 

by Steffen et al. [41] for Australia; another by Dutta and Chrsiya [49], focused on the effects 
on health due to climate change in India; or the projections of extreme heat performed by 
Salinas-Prieto et al. [50] for Mexico, forecasting increases between 4.6 and 5.8°C in maximum 
temperatures for northern Mexico during 2075–2099, using the RCP8.5 Scenario. Even since 
there is a consensus on the increase in intensity, frequency and duration of heat wave events 

due to climate change, there is still a great uncertainty about its magnitude at regional scale, 

so the study of the observed trends should be continued, and carried out where the informa-

tion or analysis capabilities have not allowed it until now.

5. Concluding remarks

It seems evident that extreme heat, resulting from climate change, poses a significant treat 
not only for people’s health, but also in general for achieving the Millennium Sustainable 
Development Goals proposed by the UN by being within the top dangerous climate-related 

disasters with the greatest gap in knowledge.

The lack of consensus on the definition and threshold values for heat wave events among the 
scientific community is beyond the academic work as it may become a life or death issue for vul-
nerable population segments or regions. As a result, the urge for generating more reliable infor-

mation and used for decision making becomes with a higher significance as the time goes by.

The relationship among extreme heat during heat wave events and the amount of deaths or 
the increase of people visiting emergency room in hospitals is undeniable, but the scientific 

Northern Europe Eastern Europe Central Europe Western Europe Southern Europe

1981– 

2000
2071– 

2100
1981– 

2000
2071– 

2100
1981– 

2000
2071– 

2100
1981– 

2000
2071– 

2100
1981–2000 2071–2100

Deaths

/107 inhabitants

0.98 27.24 4.81 177.6 61.51 2305.77 34.33 1022.67 105.77 7019.99

Exposed 

population /106 

inhabitants

9618 269,167 9989 341,025 9932 322,309 9993 298,558 9828 634,474

Table 4. Prognosis of people affected and deaths in Europe by heat waves (with data from [47]).
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work reported nowadays does not suffice to figure out what consequences may occur in other 
regions where climate variability is barely known or completely unknown. The need for more 
studies is clear, and additional resources to be invested in such sensitive knowledge areas 

seem mandatory in order to avoid potential catastrophic scenarios in the forthcoming years.
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