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ABSTRACT: It is still difficult to confirm from available data if global warming and
climate changes have played a role in increasing heat-related injuries. However, it is
certain that global warming can increase the frequency and intensity of heat waves, which,
of course, can cause discomfort on the human body and in the worse case, can lead to more
heat illness casualties. The recent worldwide natural disasters such as Haiti earthquake,
landslides in China, Russian wildfire and Pakistan heatwave show that climate change is
truly a fact. Heat-related death resulted from climate change is becoming increasingly
serious around the world as such abnormal weather phenomena occur each year in the past
decade causing a large amount of deaths particularly the elderly. It is thus important to
carry out study on how human body system responses in an indoor environment under light
or moderate wind conditions. This paper first gives an overview of the extreme hot weather
incidents, then follows with an outline of human thermoregulation study approach and
finally the description of current human thermoregulation study in Japan is shown.
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models

1 INTRODUCTION

The world population has transcended more than 6 billion to date, with more than half of
these population living in urban areas, and the urban population is expected to swell to
almost 5 billion by 2030 (UNFPA, 2007). In line with population growth, rapid
urbanization is expected to take place in most developing countries. As a result, occurrence
of urban environmental problems is inevitable. As a city grows, the heat of the city builds.
This hot city phenomenon has far-reaching environmental sustainability and human
livability implications, ranging from the aggravation of health problems such as
hyperthermia, increasing the intensity of urban air pollution, and contributing to extreme
heat waves (National Weather Service, 2005). The impact of urbanization and
industrialization on the quality of the environment also multiplies. There has been a lot of
discussion in the media and among the public about the effect of urban climate change on
urbanites (Smith, 1997; Swanson, 2007; Earth Observatory, 2008; NASA/Goddard Space
Flight Center, 2002). The higher temperature of the city not only has significant impact on
human health includes increases in morbidity and mortality, especially for the elderly
during hotter and extended summer period atmosphere because urban areas typically have
higher heat indexes (combinations of temperature and humidity), but also affects the
weather around it. This urban localized weather is a condition that scientists refer to as the
urban heat island effect (UHI). Due to urbanization, concentration of population is taking
place, the area covered by the city is expanding and natural ground surfaces are modified.
As a result, energy consumption and city metabolism heat increase significantly and
eventually change the heat balance mechanism of urban climate. The other major
contributor to UHI is anthropogenic heat, the heat created through human activity, which
often includes the combustion of fuels for transport and industry and even in our own


http://en.wikipedia.org/wiki/Hyperthermia�
http://en.wikipedia.org/wiki/Heat_wave�

homes. Climate changes (regional or local) brought about by urbanization give various
impacts on the physical environment, e.g. spatial variability of urban surface temperature
are illustrated in Figure 1.
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The process of urbanization has promoted migration and population mobility from rural
to urban areas. These rapidly expanding migrants not only enjoy higher living standards
and material affluence, but also seek for a comfortable environment to live, work or spend
their leisure time. Since people spend about 90% of their time indoors, they are exposed to
indoor air much more than to outdoor air. The health effects of poor quality indoor air may
therefore be very important and can have serious implications to the health, well-being and
work efficiency of occupants. The emergence of the term ‘sick building syndrome’
highlights the prevalence of IAQ problems in buildings worldwide. Moreover, the people
who are most vulnerable to such health effects are the very young, the elderly and the
chronically ill; they are the ones most likely to spend the most time indoors.

Thermal Comfort can be roughly said to be classified into two categories, indoor and
outdoor. The former concerns air temperature and humidity, the temperatures of exterior
walls and windows, and the amount of air motion. Research into outdoor thermal comfort
is relatively new and the issues involved differ from those faced indoors. Outdoor
environments by nature experience far greater fluctuations and pose far less restrictions
than indoors. As a result, the study of outdoor thermal comfort has to address a
complicated amalgam of relationships between highly variable parameters that include user
groups, activities and climate.

While people; especially young children, older adults, people who are obese and people
born with an impaired ability to sweat, spend the vast majority of their time indoors, they
are at high risk of heat stroke. Heat stroke is the most severe presentation of the heat-
related problems, often resulting from exercise or heavy work in hot environments
combined with inadequate fluid intake. When heat stroke happens, the core body
temperature rises rapidly and the body loses its ability to sweat, and it finally becomes
unable to cool down. In such case, the body temperature can rise to 41.1°C or 106°F or
even higher within 10 to 15 minutes.



IPCC (2001) reported an analysis of the climate extremes and concluded that an
increases probability of extreme warm days and decreased probability of extreme cold days
would occur when increasing CO,. Table 1 shows the carbon dioxide emissions in different
places.

Table 1. Carbon dioxide emissions per capita in selected locations (Welford, 2008)

Location Per capita carbon dioxide emissions
(metric tons)
1990 2004
World 4.10 4.32
European Union (15) 8.60 8.42
USA 18.83 20.40
China 2.09 3.84
Japan 8.67 9.84
Hong Kong 4,59 5.36
Indonesia 1.17 1.67
Bangladesh 0.17 0.25

Japan’s contribution to carbon dioxide emissions per capita is above the world’s
average, yet significantly below those to be found in places such as the USA. However, the
emission rate is considerably high among Asian countries. Carbon emissions are one of the
major causes of climate change. Climate change will mean that Japan will experience a
warmer climate and at times this will come with significantly more rainfall, and also will
further experience a significant increase in the frequency and intensity of extreme weather
events, such as heat waves, typhoons and very heavy rainfall. The impacts of these changes
on Japan will be an increase to the risks of flooding, droughts and dangerously hot weather.
There will also have indirect impacts, including an increased risk of infrastructure damage,
ground instability and landslides, and further increases in dangerously poor air quality
periods. This will all impact on human health and quality of life. There will also be
significant risks for the economy of Japan. The natural disasters happened no long ago
including the heat waves around the world, the flooding in Pakistan, the drought and dust
storms in China, and the forest fires in Russia both show the warning signs of global
climate change.

This paper first gives an overview of the extreme hot weather incidents, then follows
with an outline of human thermoregulation study approach and finally the description of
current human thermoregulation study in Japan is shown.

2 HEAT WAVE

2.1 Major heatwave events from 19" century to 21 century

Heat, nowadays, is the primary weather-related cause of death in many developed
countries such as France, Russia, Australia and the United States. Increasing heat and
humidity, at least partially related to anthropogenic climate change, suggest that a long-
term increase in heat-related mortality could occur.

Extreme weather and climate events can produce severe impacts on our society and
environment. For instance, heat waves can be devastating for societies that are not used to
coping with such extremes. More than 30,000 deaths were attributable to the heat wave
incident in Europe 2003 (IFRCRC, 2004; Poumadere et al., 2005) which also led to the
destruction of large areas of forests by fire, and effects on water ecosystems and glaciers
(Gruber et al., 2004; Koppe et al., 2004; Kovats et al., 2004; Schér and Jendritzky, 2004),
and the recent tragedy in Moscow over 14,300 deaths due to heat wave this summer was
recorded (Sinclair, 2010).



A prolonged and atypical period of hot weather is commonly known as a ‘heat wave’,
which may be accompanied by low humidity. There appears to be no universal definition
of a heat wave and the term is relative to normal weather in an area. Global warming is
increasing the earth’s average temperature due to the buildup of CO; and other greenhouse
gases in the atmosphere from human activities. It is also bringing more frequent and severe
heat waves and the result will be serious for vulnerable populations. Severe heat waves can
lead to deaths from heat stroke. Older people, very young children, and those who are sick
or overweight are at a higher risk for heat-related death. Heat waves are the most lethal
type of weather phenomenon, overall. Between 1992 and 2001, deaths from heat waves in
the United States numbered 2,190, compared with 880 deaths from floods and 150 from
hurricanes. If a heat wave occurs during drought conditions which dries out vegetation, it
can contribute to wildfires, e.g. during the disastrous 2003 European heat wave, fires raged
through Portugal, destroying over 3010 km?2 (740,000 acres) of forest and 440 km?
(108,000 acres) of agricultural land and causing an estimated 1 billion pounds worth of
damage.
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Figure 2. Global and hemispheric annual temperature anomalies from 1850 — 2009 (Jones et al. 2010)

Figure 2 shows the global and hemispheric annual temperature anomalies from 1850 to
2009. The annual mean temperature anomalies for the globe show relatively stable
temperatures from the beginning of the record through about 1910, with relatively rapid
and steady warming through the early 1940s, followed by another period of relatively
stable temperatures through the mid-1970s. From this point onward, another rapid rise
similar to that in the earlier part of the century is observed. The period 2001-2009
(approximately 0.44°C above 1961-90 mean) is roughly 0.2°C warmer than the decade of



1991-2000 (about 0.24°C above 1961-90 mean). The 1990s were the warmest complete
decade in the series. The warmest year of the entire series has been 1998, with a
temperature of 0.55°C above the 1961-90 mean. Fourteen of the fifteen warmest years in
the series have occurred in the past fourteen years (1995-2009).

The northern and southern hemisphere annual temperature anomalies show some
general similarities, e.g., little sign of trends before about 1900, a peak in the early 1940s,
and the highest temperatures occurring after 1980. A steady period of warming is seen for
the northern hemisphere from about 1910 through the mid-1940s. For the southern
hemisphere, there is less warming observed from about 1910 through 1930, with sudden
and rapid warming from about 1930 through the mid-1940s. The northern hemisphere
record shows gradual cooling from the mid-1940s through the mid-1970s, followed by
rather steady temperature increases thereafter. The southern hemisphere shows an abrupt
shift to cooler temperatures after 1945, quite variable temperatures until the mid-1960s,
followed by a gradual increase over the remainder of the record. In this Figure 2, the global
and hemispheric annual temperature anomalies clearly show that temperature have been
steadily rising in the north hemisphere as well as south hemisphere since 80s. The increase
in annual mean temperature can be attributed to global warming and local effects such as
urbanization.

In addition, climate change projections for Europe show that over the next century, heat
waves will become more frequent, intense and will last longer, not only in Mediterranean
regions, but also in Northern areas currently not characterized by heat wave events (Meehl
and Tebaldi, 2004). These changes could contribute to the burden of disease and premature
deaths, particularly in vulnerable populations with limited adaptation resources (IPCC,
2007).

For almost 19 centuries, between 1 A.D. and 1850, fluctuations of the Sun and erupting
volcanoes were the main sources of greenhouse gases in the atmosphere, according to
scientists (Basu et al, 1993; McLean, 1995). Temperature changes then were much less
pronounced than the recent noticeable warming attributed to increases in the levels of
greenhouse gases in the atmosphere since the mid-19th century. Table 2 shows some of
worldwide major heatwave events from 19" century to 21% century, while Table 3 gives an
outline of some major heatwaves involved with large mortalities over 3 centuries.

Australia has a long history of heatwaves. The first recorded heat wave incident was
found in Adelaide during the November month of 1888 (cf. Tables 2 and 3). However, the
worst recorded heatwave was in 1939 when 438 people died. This heatwave affected many
places within the Australian territory and mostly in South Australia, Victoria and New
South Wales. Not too long after, another heat wave hit the south-eastern part of Australia
again at the end of 1895 causing 437 infants and old people died. They were mostly killed
due to body overheated, lacking of clean water under poor living conditions. A 10-day heat
wave killed 1,500 people during the summer of 1896 in New York City; many of them
were poor tenement-dwellers in the old town of Lower East Side with no air conditioning,
little circulating air and no running water.

In the first summer of the 20™ century, the heatwave occurred in the Midwest of America
killed 9,508 frail and elderly people; most of the victims were suffered by heat stroke and
heat exhaustion (cf. Table 3). Between 1936 and 1975, as many as 15,000 Americans died
from problems related to heat. In 1980, 1,250 people died during a brutal heat wave in the
Midwest. In 1995, more than 800 people died in the city of Chicago and Milwaukee from
heat related problems. A majority of these individuals were the elderly living in high-rise
apartment buildings without proper air conditioning. Large concentrations of buildings,
parking lots, and roads create an "urban heat island" in cities. Large urban areas pose
unique problems during excessive heat situations. The elderly and infirm residing in urban



areas are generally in the greatest danger during heat waves. Between 1992 and 2001,
deaths from excessive heat in the United States numbered 2,190. The average annual
number of fatalities directly attributed to heat in the United States is about 400 (Basu and
Samet, 2002). The 1995 Chicago heat wave, one of the worst in US history, led to
approximately 700 heat-related deaths over a period of five days (Dematte et al, 1998). It
was noted that, in the United States, the loss of human life in hot spells in summer exceeds
that caused by all other weather events combined, including lightning, rain, floods,
hurricanes, and tornadoes (Klinenberg, 2000a, 200b). According to the Agency for Health
care Research and Quality, about 6,200 Americans are hospitalized each summer due to
excessive heat, and those at highest risk are poor, uninsured or elderly (AHRQ, 2008).

Europe has experienced an unprecedented rate of summer warming in recent decades
(Klein-Tank et al., 2005; Klein-Tank and Konnen, 2003; Luterbacher et al., 2004). Over
most of Europe the increase in the mean daily maximum temperature during the summer
months has been between 0.5-1.5°C per decade in the period 1976-1999 (Klein-Tank and
Konnen, 2003). The European 2003 heat wave was arguably one of the most significant
climatic events since records began. The extreme heat wave and drought that hit Europe in
summer 2003 had enormous adverse social, economic and environmental effects, such as
the death of thousands of elderly people, the destruction of large areas of forests by fire,
and effects on water ecosystems and glaciers (Gruber et al., 2004; Kovats et al., 2004;
Schér and Jendritzky, 2004; Koppe et al., 2004; Kovats and Koppe, 2005). In Asia, India
also got affected in the 2003 heatwave. During the month May, peak temperatures
recorded between 45°C and 49°C in most places throughout the country, and in the state of
Andhra Pradesh alone, some 1,200 people died from the heat.

In 2007, a heatwave first occurred in western North America around late June, it then
spread across to the south and eastern North America, and eventually ended towards the
end of October. Human toll due to heat-related causes was reported in many places,
innumerable cases of heat-related illnesses were also reported and attributed to the
excessive heat. Prolonged exposure to high temperatures poses an especially dangerous
problem for elderly, children, and low-income residents without adequate air conditioning.
Many cities and/or aid organizations provided free or low-cost fans, air conditioners, cool
stations, bottled water, and vouchers for electric bills in order to assist those in need.
Additionally, many schools without air conditioning dismissed students early or cancelled
afternoon classes during the past few weeks. In the same year 2007, heatwave also
happened in Asia (India, Bangladesh, Nepal, Pakistan, Russia, China and Japan) and
Europe (southern and eastern). Nearly 200 people, including several children, were
admitted to hospitals with symptoms of heat stroke in Bangladesh. There were 923 people
death of hyperthermia by heat wave in around Japan, and worst heat stroke disaster of
Japanese and North East Asia’s history.

Year 2010 seems becoming one of the hottest recorded years around the globe.
Hundreds of daily high maximum and high minimum temperature records were broken
across many cities such as Baghdad (45.0 °C), Qalya (51.4 °C), Lefconica (46.6 °C), Doha
(50.4 °C), Dongola (49.6 °C), and Jeddah (51.7 °C). In cases of heat stroke, the core
temperature can rise to 41.0°C, at which point brain death begins. When the core
temperature surpasses 45.0 °C, death is inevitable.

The number of extremely hot days is set to increase substantially in the world as a result
of climate change. Hot weather will become more frequent and more intense. This has the
potential to cause deaths, severe health problems and economic losses through damage to
infrastructure (e.g. buckling rail lines and melting road surfaces), work day losses,
increased water demand and increased energy demand for more cooling.



Table 2. Worldwide major heatwave events from 19" century to 21% century

Year Major heat-wave incidents Period of heat-wave Peak temperature
1888 Adelaide 6 Nov — 11 Nov 38.7°C
1895-96 New South Wales 1 Dec-1Jan 47.0°C
1896 New York City 5 Aug - 13 Aug 32.2°C
1901 Midwest United States 29 Jun - 6 Jul 38.3°C
1907-08 South Australia 7 Dec-8Jan 41.3°C
1911-12  Australia 1 Dec-1Feb 42.4°C
1920-21 Australia 1 Dec-1Feb 40.7°C
1926-27  South Australia 26 Dec — 27 Jan 41.8°C
1936  North American 1 Jul - 31 Aug 43.3°C
1938-39  South Australia 1 Dec - 28 Feb 42.7°C
1953  Midwestern United States 23 Aug - 29 Aug 35.8°C
1954  Midwestern United States 18 Jul — 24 Jul 35.7°C
1955  Los Angeles 31 Aug - 7 Sept 36.7°C
1966  Missouri 9 Jul - 14 Jul 41.1°C
1972 Northeastern United States 14 Jul - 26 Jul 34.4°C
1975 New York City 30 Jul -7 Aug 36.7°C
1975 France 1 Aug-7 Aug 32.4°C
1976 United Kingdom 22 Jun - 16 Jul 35.9°C
1976 Northern France 28 Jun -8 Jul 32.8°C
1977  Seattle 30 Jul -13 Aug 35.6 °C
1980  Memphis 25 Jun — 20 Jul 42.2°C
1980  Dallas 18 Jun - 27 Aug 45.0°C
1981  Seattle 7 Aug -11 Aug 33.3°C
1983  France 10 Jul - 15 Jul 31.6°C
1983  Rome 19 Jul - 4 Aug 36.0°C
1987 Athens 3 Jul - 25 Jul 45.0°C
1988 Pennsylvania 4 Jul - 18 Jul 32.2°%C
1990 France 1 Aug-7 Aug 33.5°%C
1993 Philadelphia 4 Jul - 14 Jul 38.3°C
1994 Townsville Australia 6 Jan — 10 Jan 42.0°C
1995 Chicago 11 Jul =27 Jul 37.8°%C
1996  Western Australia 20 Jan - 20 Feb 42.4°C
1997  Southern Australia 10 Jan - 15 Feb 40.0°C
1998  Shanghai 30 Jun - 17 Aug 39.4°C
1998 India 22 May - 12 Jun 49.8°C
1998  Southern United States 1 Jun - 28 Jul 37.8°C
1999  Midwest United States 17 Jul =31 Jul 38.3°C
2000  Southern United States 18 Jul - 30 Aug 43.9°C
2001  France 30 Jul - 3 Aug 30.8°C
2002  India 9 May — 15 May 50.0 °C
2003  European Jun - Aug 40.0°C
2003 Shanghai 12 Jul - 7 Sept 39.6 °C
2004 Brisbane 7 Feb — 26 Feb 42.0°C
2005 Desert Southwest United States 9 Jul - 16 Jul 47.2°C
2005 India 25 May — 22 Jun 51.1°C
2005 Pakistan 25 May -1 Jul 48.9°C
2006  North American 15 Jul - 27 Aug 47.0°C
2006  European Jul - Aug 40.0°C
2007  Southern European 17 Jun -27 Jun 46.2°C
2007  Eastern European 20 Jul - 26 Jul 45.0°C
2007  South Asian May - Sept 43.3°C
2007  Japan 16 Aug 40.9°C
2007 Western North American Jul 47.8°C
2007 Bulgarian 19 Jul - 24 Jul 46.0 °C
2008 Eastern US 6 Jun — 10 Jun 38.3°C
2009 Pacific Northwest United States 24 Jul - 2 Aug 41.1°C
2010 Northern Hemisphere May - Aug




Table 3. Outline of some major heatwaves involved with large mortalities over 3 centuries

Year Location Hot consecutive days Death toll Victim Causes related to death
1888 Adelaide 14 317 The poor, scavengers, factory Heat exhaustion, dehydration, lacking of clean water, poor
workers, beggars, children, elderly  living conditions
1895 New South Wales 31 437 Factory workers, infants, elderly Body overheated, lacking of clean water, poor living
conditions
1896 New York 10 1,500 Poor labourers, Tenement-dwellers  Poor living conditions
1901 Midwest US 21 9,508 Frail and elderly Heat illness including asthma, heat stroke and heat exhaustion
1936 North American 43 4768 Elderly and infants Heat stroke, drowned trying to escape the stifling heat
1938 Victoria Australia 59 438 The poor, scavengers, elderly and Lacking of clean water, poor living conditions, dehydration,
infants heat illness
1972 Northeastern US 13 2,319 Over 65 Ischaemic heart disease, cerebrovascular accidents
1975 New York 9 1,960 Middle age and elderly Ischaemic heart disease, cerebrovascular accidents
France 5 12,507 Kids (5.6%), adults (32.6%), over Hyperthermia, dehydration, cardiovascular disease
75 (61.7%)
1976 Birmingham 17 24 Kids, adults and elderly Heat stroke, heat exhaustion
France 11 5,100 Mostly adults and elderly Heat stroke, hyperthermia, dehydration
1980 Midwest US 42 1,250 Kids, adults and elderly Ascribed mainly to weather-related mortality such as hot and
humid days
1981 Portugal 10 1,906 Elderly living alone Heat-related deaths
1983 Rome 16 2,182 Mostly over 65 Cardiovascular-related death
France 4 10,301 Kids (4.4%), adults (26.5%), over Heat stroke, hyperthermia, dehydration, cardiovascular and
75 (69.1%) respiratory disease, and ischaemic heart disease
1987 Athens 23 926 Elderly Heat-related deaths
1988 Chicago 7 454 Mostly elderly Heat-related deaths; victims were generally found inside
apartments or houses
Pennsylvania 15 3,674 Mainly over 65 and mostly women  Body overheated caused heart attack
1990 France 5 10,838 Kids (5.5%), adults (26.6%), over Elderly alone at home without air conditioning or at
75 (67.9%) overwhelmed nursing homes and hospitals
1991 Portugal 10 997 Mostly elderly High temperatures caused decreasing in blood viscosity and
increasing in thrombosis, also older persons have impaired
kidney function and thermoregulation
1993 Philadelphia 11 118 Infants, elderly Excessive heat, hyperthermia, cardiovascular disease
1995 Chicago 17 739 Males, Blacks, and persons aged Infirm residents living on the top floors of inner-city
>75 years apartments with no air-conditioning.
Milwaukee 17 85 Mostly elderly Heat-related deaths
1998 India 22 1,359 Mainly the poor Sun-stroke, vomiting blood, high fever
1999 Midwest US 15 232 The poor Most of the deceased lived in large cities with an old
infrastructure of non-air-conditioned brick buildings.
2000 Southern US 44 140 Mostly elderly Heat stroke, hyperthermia, dehydration, cardiovascular and

respiratory disease




2001

2002
2003

2004
2005

2006

2007

2008
2009

2010

France

Southeastern India

France

Spain
Italy

UK
Netherlands
Portugal

Belgium
India

Brisbane
India

Pakistan
North America

France

Belgium
Pakistan
Bulgaria
Hungary

Romanians
Orissa
Southeastern
Australia
Japan

India

Russia

Victoria Australia

7
19

92
92

10
14
16

62
62

20
29

38

44

18
12
14

6
8

39
34
16

54
47

62

7

Southern California 8

20,560

1,030
14,802

4,200
4,000

2,045
1,400
1,300

1,250
1,900

12
334

196
>225

2065
940
232

500

30
67
374

170
250

10,935

374
25

Kids (2.0%), adults (21.6%), over

75 (76.4%)

Elderly, the poor
Mostly among the elderly

Mostly aged >75 years
Aged 65 and more

Mostly aged >75 years
Largely the elderly
Aged >75 years

Aged 65 and more

Daily wage labourers, rickshaw
pullers or construction workers
Elderly people

The poor, beggars, street hawkers,

children, elderly

Scavengers, drug addicts, children,

elderly
People with chronic diseases,

socially isolated individuals, elderly

Mostly aged >75 years
Elderly
Children, elderly

Elderly
Children, and mostly elderly

Elderly
The poor
Mostly elderly

Elderly

Children, the poor and elderly
Children, elderly, people with
chronic diseases

People aged >65

Age from 26 to 87

Heat stroke, heat exhaustion, hyperthermia, dehydration,
cardiovascular and respiratory disease, and ischaemic heart
disease

Unable to withstand the brutal heat, dehydration, sunstroke
Elderly living alone did not know how to react or were too
mentally or physically impaired by the heat to make the
necessary adaptations themselves

Cardiovascular and other chronic diseases

Heat-related mortality by respiratory and cardiovascular
diseases

Heat-related mortality

Heat stroke, hyperthermia, dehydration

Heat stroke, and disorders of fluid, electrolyte, and acid-base
balance
Heat-related deaths

Heat stroke, hyperthermia, dehydration

Dehydration, cardiovascular disease and non-external causes
Heat-related reasons, sunstroke, dehydration

Seriously ill from heat stroke and gastroenteritis
Heat-related maladies

Heat-related problems
acute renal insufficiency, dehydratation, respiratory disease
Heat stroke, diarrhea, gastroenteritis

Heat stroke, dehydration, chronic diseases

Heat stroke, cardiovascular problems and other illnesses
aggravated by the heat

Heat stroke, hyperthermia

Sun-stroke death

Heat stroke and other effects of the heat wave

Heat stroke
Heat exhaustion and food poisoning

Heat wave, pollution, smog

Heart attacks and strokes
Heat-related deaths




Heat waves do not have defined geographic boundaries as the floods do, and they are
therefore much more difficult to handle. However, given that much of the cities worldwide
are urbanized it is important to factor in so-called urban heat island effects. Urban areas are
characterized by much higher temperatures than rural areas surrounding them due to the
modification of land surfaces and waste heat generated by energy use. The dense nature of
urban areas, e.g. Tokyo, is highly susceptible to heat waves and consequent impacts on
human health.

Heat waves also mean that there will be an increase in demand for energy for cooling.
This is likely to increase social inequity relating to those who live in poorly designed and
overcrowded buildings, those unable to afford higher energy bills and those unable to
protect themselves by installing blinds, awnings and cooling systems.

Prolonged periods of very high temperatures, particularly when night time temperatures
remain high, have significant impacts on human health. People live in densely cities will
experience increasing discomfort levels, illnesses and even deaths. Particularly vulnerable
will be the very young and the elderly who are often unable to deal with very high
temperatures. Women will be more vulnerable than men because of a higher core body
temperature that may affect menopause. Those with pre-existing diseases such as heart and
respiratory disease, those taking certain types of medications and those with dementia will
also be at risk.

2.2 Heatstroke situation in Japan

Japan is a country surrounded by water, on traditional typhoon tracks and with a dense
urban setting, makes it particularly vulnerable to climate change. Climate-related impacts
on infrastructure in Japan could be very costly, but it also needs to be recognized that the
full effects of climate change will impact on human health, community cohesiveness,
longer term economic values, competitiveness, biodiversity and the ability to recruit and
retain talented human resources.

Figure 3. Development of urbanization in Tokyo (Ojima, 1991)

Most of the large and densely-populated cities are in Asia, for instance Tokyo
(approximately 13 million) is among the world largest and most densely populated cities.



In the Tokyo Metropolitan area, about half of the land is occupied by buildings and about
half of the anthropogenic exhaustion heat generated in the summer in this area comes from
the buildings’ facilities (Murakami, 2006). Figure 3 shows the development of
urbanization in Tokyo since the Meiji period (Ojima, 1991), while Figure 4 demonstrates
that temperatures have been steadily rising in the capital over a period of 100 years. In the
year from 1870, after the national capital was transferred from Kyoto to Edo which was
renamed Tokyo, to 1980 there has been a 2°C increase in average annual temperature
within the capital area over that time which is greater than the rise recorded across the rest
of the globe. The increase in annual mean temperature can be attributed to global warming
as well as local effects such as urbanization. Figure 5 shows the rise in daily maximum
temperature in Tokyo area of August for 3 different years. The existence of an urban heat
island around Tokyo is clearly and remarkably indicated from these figures.
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Figure 4. Increase of air temperature in Tokyo (height of about 1.5 m) (Ooka, 2007)
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Figure 5. Rise in daily maximum temperature in Tokyo area of August (Japan Meteorological Agency)

Increasing temperatures are likely to increase deaths from cardiopulmonary diseases.
Heat-related illnesses such as heat cramps, heat exhaustion and heat stroke are all likely to
increase. In addition, higher temperatures will also increase perspiration and evaporation,
so increasing the risk of dehydration. Older people and the young are most at risk.



Amongst the elderly thirst responses decrease with age and involuntary dehydration
increases. The young require more hydration to maintain their growth and energy demands.
Over time, dehydration impacts on mental health, causing anxiety irritableness, short
attention spans, impatience and mild depression. It can in turn affect learning amongst the
young and work performance amongst the working population (Foltz and Ferrara, 2006).
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Figure 6. Number of mortality of heat stroke

In Japan, urban heat island effect has caused various problems such as heat stroke, large
electric power demand for cooling devices etc. Figure 6 shows the annual number of
deaths due to heat stroke in Japan. The number of mortality of heat stroke increased
sharply reaching 904 people in 2007 because there was a heat wave occurred in the
summer with peak temperature up to 40.9 °C (cf. Table 2). The mortality rate of Japan is
given in Table 4. Heat stroke is estimated as 0.3 per 100,000 populations annually, which
is above the group of natural disaster and just below the group of Murder.

Table 4. Mortality rate of Japan in 2007

Death Mortality rate
(per 100,000 populations annually)

Cancer 250
Overweight 140
Heart disease 127
Suicide 24
Traffic accident 9

Fire 1.7
Murder 0.52
Heat stroke 0.3
Hazardous chemical substance 0.3
Natural disaster 0.1
HIV/AIDS 0.04
Plane crash 0.013

3 THERMAL MODELS

Thermal comfort research evolved in two distinct paths over the last 40 years. The first
path focused on climate chamber research to understand the relationship between the
human body and the environment, i.e. physical model. This research methodology evolved
into comfort models such as Predicted Mean Vote (PMV) and thermal comfort standards.



The second path focused on holistic human environment relationship, which led to the field
research and the development of adaptive thermal comfort models (de Dear, 2004). A new
trend in thermal comfort study is seen recently as computational power has increased
dramatically over the past decade, together with advances in computer software, allowing
engineers/researchers to more accurately simulate many types of specific case, for
examples; body core temperature, localized body segment temperatures, metabolic rates,
respiratory heat losses and evaporation from the skin etc.

Physical models are like measuring instruments that respond to those factors of the
environment to which human respond. The response is usually in terms of temperature,
though it may be in terms of mass or vapour loss of heat transfer, for example. Because
physical models respond to important factors related to human response and simple
physical models often provide a single temperature value that can be can be related to
human response, these models are often used to provide thermal index values, e.g.
WGT,WBGT, etc. More elaborate thermal models closely represent the shape and response
of the human body. The most sophisticated of these is the ‘family’ of thermal manikins.

Over the last few decades, a vast majority of researchers have been exploring the
thermal, physiological and psychological response of people in their environment in order
to develop mathematical models to predict these responses. These mathematical models (or
human thermoregulation models) provide a rational representation of the human body
involving both heat transfer between the body and the environment, the anthropometry and
thermal properties of the body and a dynamic representation of the human
thermoregulation system. Human thermoregulation models can be roughly classified into 3
categories as shown in Table 5.

There are many human thermoregulation models proposed over the years, ranging from
simple cylinder models to complex multi-segment and even 3D models. Few notable
adopted models are shown and outlined in Table 6.

Fanger (1967) developed a thermal comfort equation which consists of 6 variables: air
temperature, humidity, mean radiant temperature, relative air velocity, activity level, and
insulation value of the clothing. In 1972, Fanger used the data obtained from experimental
test chamber together with his thermal comfort equation to develop an expression that
predicts thermal sensation, on a 7-point cold to hot sensation scale for a large population of
people exposed to a certain environment. This expression is known as the predicted mean
vote (PMV). PMV model is a method for the calculation of steady state thermal comfort
index derived from the heat balance calculations and climate chamber studies. It is based
on the linear relationships of mean skin temperature and evaporative heat loss required for
comfort at different activity levels. It assumed that long exposures to a constant thermal
environment with constant metabolic rate (i.e. steady-state) results in a heat balance
between heat production and heat dissipation by the human body. However, the PMV
equation can be applied to conditions with steady state fluctuations. PMV sometimes
overestimates the thermal sensation of warmth for occupants in non-air-conditioned
buildings in warm climates. In these climates people are expected to adapt to a higher
indoor temperature and not ask for lower temperatures.

Table 5. Human thermoregulation models

Model Category Reference Description
Empirical model - Givoni and Goldman Exposing human subjects to a range of thermal environments and fitting
P T (1972, 1973) the mathematical models to the obtained human response data

Parsons and Bisho Computer database model to predict human responses to thermal
P environment using a method of ‘matching’ the conditions for which

ettt et e [ESBONSES A€ TeCUired ith those n the database .
Gagge et al (1971) Dynamic mathematical simulation of the human body and its response to
Rational model : Stolwijk and Hardy thermal environment, involving both a passive and controlling system for

(1977) the body as well as mechanisms of heat transfer




Table 6. Some notable thermal comfort models

Types of Model

Reference

Research Particulars

One-node model

Fanger (1972):
developed a model to predict physiological responses to the thermal environment
and use these values to estimate thermal comfort

Four physical variables (air temperature, air velocity, mean radiant temperature, and relative
humidity) and two personal variables (clothing insulation and activity level)together formed an index
that can be used to predict thermal comfort

Givoni and Goldman (1972):
developed a system of equations to characterize the resultant rectal temperature

The formulas involved the metabolic heat production, ambient climatic conditions (air temp., vapour
pressure and velocity), and the total thermal resistance and evaporative coefficient of the clothing

Two-node model

Gagge et al (1970):
developed a 2-node mathematical model of the human thermoregulatory system

Considered body as two concentric thermal compartments representing the skin and core of the
body. The temperature within each compartment is assumed to be uniform, so that the only
temperature gradients are between compartments.

Bruse (2005):
presented some basic dynamics of a simple dynamic 2-node model of the human
thermoregulatory system and its application in a multi-agent simulation system

Temperatures of skin, core, clothing and local mean radiant, total energy balance of the body, energy
fluxes per skin surface area, fraction of wet skin and associated absolute and relative wind speed

Kobhri et al (1995):
applied a two-node model to 11 body parts to calculate standard effective
temperatures (SET*) in the vehicle environment

SET* includes the effects of convection, radiation, and evaporation on the body

Avrens et al (1986):
described the development of a chart in which lines of equal comfort are plotted
across a wide range of environmental conditions

The measure for comfort index, predicted by the J.B . Pierce Foundation Laboratory 2-node
thermophysiological model, used in the chart is based on skin temperature alone in cold conditions,
and on skin wettedness (fraction of the skin covered by water) alone in hot conditions

Multi-node model

Stolwijk and Hardy (1966):

contributed a mathematical model of temperature regulation for the purposes of
theoretical analysis of experimental results and evaluation of hypothetical
concepts

The human body was represented by 3 cylinders; head, trunk and extremities with concentric layers
to show the anatomical and functional differences important in temperature regulation. A regulator
was supplied with signals pertaining to temperature deviations in the brain and from the skin. The
regulator then caused heat loss or heat production in the appropriate parts of the body

Stolwijk (1971):
developed a dynamic mathematical model which simulated the behaviour of
man’s thermoregulatory system

The human body is divided into 6 segments linked together via the appropriate blood flows. Each
segment represents volume, density, heat capacitance, heat conductance, metabolism and blood flow
of a certain part of the body. The temperature and rate of change of temperature of each segment is
available as an input into the controlling system, and any effector output from the controlling system
can be applied to any part of the passive controlled system

Werner and Webb (1993):
described the basics of a 6-cylinder model of human thermoregulation for use on
personal computers

Emphasis was laid on the problems and status of validation, simulation results for core, muscle,
subcutaneous and skin temperatures were compared with experimental results

Tanabe et al. (2002):
developed a 65-node thermoregulation model which combines with radiation
exchange model and CFD

Steady state results include the effect of solar (short wave) radiation, convective heat transfer from
the body was calculated from empirical heat transfer coefficients rather than from CFD simulation

Coupled human
thermal model
with CFD

Murakami et al (2000):
used a simplified shape to represent a human body in CFD and coupled this with
a two-node thermal model for predicting heat release from a human body

Flow, temperature and moisture fields were investigated using CFD while the sensible and latent
heat transfer from the human body were examined using the two-node thermo-physiological model

Streblow et al (2008):
coupled a multi-node thermal regulatory model with CFD to predict thermal
sensation and comfort

The local and overall thermal sensation as well as the thermal comfort were investigated




Gagge et al (1971) developed a thermal comfort model, in order to improve the
effective temperature equation formulated by Houghten and Yaglou (1923), based on body
heat generation and regulatory sweating which was suitable for low and medium activity
levels. This model is a simplification of more complex and specialized thermoregulatory
multi-node models and has been found effective at predicting physiological response near
the comfort zone under conditions of low to moderate activity. For the purposes of
evaluating thermal comfort, the model considered the human body consists of two thermal
compartments (or nodes); the skin and the core. The skin compartment simulates the
epidermis and dermis. The temperature within each compartment is assumed to be uniform,
so that the only temperature gradients are between compartments. The Gagge model
predicts thermal sensation by first standardizing the actual environment. The standard
environment produces the same physiological effects as the actual environment and is
typical of a common indoor environment. Gagge's two node model is based on steady state
experimental measurements on people. However, reaching steady state takes at least an
hour when the person is exposed to a constant room condition. There are many instances
where the transient heat transferred from the body must be accounted for.

In the past few decades, multi-node models of human thermoregulation have been
developed. These models simulate phenomena of the human heat transfer inside the body
and at its surface taking into account the anatomical, thermal and physiological properties
of the human body. Environmental heat losses from body parts are modeled considering
the inhomogeneous distribution of temperature and thermoregulatory responses over the
body surface. Multi-segmental models are thus capable of predicting ‘local’ characteristics
such as skin temperatures of individual body parts (which are the critical variables in the
risk of frostbite and skin damage). Most of the models available today are based on the
work of Stolwijk (25-node model), who modelled the body as a composite of several
cylinders representing the head, the corpus, and the upper and lower extremities (Stolwijk,
1971; Stolwijk and Hardy, 1977). The 25-node model has become the standard anatomical
approach to modeling human temperature regulation. The adoption of the Stolwijk and
Hardy approach by the National Aeronautics and Space Administration (NASA) has
probably contributed to the relatively widespread acceptance of the Stolwijk and Hardy
model.

Stolwijk multi-node model composes of main divisions; controlled (passive) system and
controlling system. The passive controlled system consists of 6 segments (5 cylinders and
1 sphere), 4 compartments per segment and the central blood compartment which is
thermally connected to all the nodes; make a total of 25 nodes. Heat is transferred through
the tissues within individual segments by conduction. The body and the environment
exchange heat by convection, radiation, evaporation and respiration. Heat exchange
between local tissues and blood flow is simplified as the heat exchange between local
tissues and the central blood compartment. The controlling system consists of a



temperature sensing system, an integrating system and an effector system. It is a simple
representation of the human thermoregulatory system based on set points. Multi-node
models are useful when people are exposed to non-uniform environments. Although
Stolwijk multi-node model accounts for thermoregulatory response to due to
environmental conditions, it does not predict comfort, or incorporate the effects of clothing.
Thermoregulation based upon average response values, however, it is a physiologically
based model that was developed over a period of more than two decades and was validated
by numerous human studies, and remains valid today. Unlike some of the more recent
models, source code, model parameters, and extensive commentary are readily available.

Tanabe et al (2002) developed a thermoregulation model which consists of a thermal
radiation model and CFD. The thermoregulation model contains sixty-five nodes (65MN)
and is based on the earlier Stolwijk multi-node model, which has less segments and an
inherently symmetrical description of the thermal state of the human body. The integrated
model is used to predict the physiological and physical state of the human body standing in
a room exposed to direct solar radiation from a window and a cooling panel in the ceiling.
The advantage of Tanabe’s model is apparent for the modelling of responses to
asymmetrical environmental conditions. Tanabe model, like many of the similar models, is
based on an average man with a weight of 74.43 kg and a surface area of 1.87m% The
65MN means counting 4 layers of tissue (core, muscle, fat and skin tissue) in 16 different
body segments, supplemented with a central blood compartment (as the 65th node which
exchanges convective heat with all other nodes via the blood flow), would end up with
totally 65 nodes.

4 TPU HUMAN THERMOREGULATION STUDY USING CLIMTAE CONTROL-

LABLE WIND TUNNEL
Predicting human thermal sensation based on heat transfer principles in moderate,
homogenous, and steady-state environments is relatively straightforward and well-
understood (Fiala et al, 2003). Physiological responses to transient conditions introduce
complexity and differ significantly from the steady state conditions. The predictive models
of transient responses require verification through controlled experiments.

The proposed objectives for the study would include: a) to assess the indoor air
movement acceptability for thermal perception using human subject experiments; b) to
estimate the benefits that could be derived when such parameters and indoor air movement
acceptability are extensively applied to various extents of hot condition, including heat
stroke condition, on human body; c¢) to analyze human thermoregulation and comfort
responses by implementing human subject experiments, in non-uniform and transient wind
conditions for indoor environment.

Thermal manikins were adopted in few studies concerning with clothing insulation
recently, however these works were only carried out in conditions of still air or during



sedentary activities. Also, thermal manikin only provides mechanical responses instead of
actual human body responses. Thus, human subject investigation is significantly important
as this approach can reflect how the body system will generate immediate response to
specific situation, because the human body employs physiological processes (e.g. sweating,
shivering, regulating blood flow to the skin) in order to maintain a balance between the
heat produced by metabolism and the heat lost from the body.

The Climate Controllable Wind Tunnel in TPU is capable of analyzing human
thermoregulation and comfort responses in non-uniform and transient wind conditions,
whereas other existing chambers can only consider uniform flow of air. This unique feature
makes it to become a superior competitor among others in the field of human thermal
comfort studies. The design of the Climate Controllable Wind Tunnel in TPU(cf. Figures 7
and 8) setup focused on delivering airflow to exposed skin on the hands, feet and face of
the human body to test transient effects as well as the effects of asymmetrical conditions
on human comfort. Human thermoregulation and comfort responses of human subjects in
non-uniform and transient wind conditions are measured and analyzed, thus the relation
between the local thermal comfort and the whole body thermal comfort for different
environmental conditions can be revealed (Ohba et al, 2010).
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Figure 7. Schematic diagram of the Climate Controllable Wind Tunnel in TPU



(@) Multi-fan room (b) Test room

Figure 8. Internal view of test room and multi-fan room

This study, on one hand, implies the importance of maximizing utilization of natural
ventilation and minimizing the reliance on mechanical systems for indoor thermal comfort
control. On the other hand, it intimates that the quality and safety of indoor environment
deserves serious attention, as people spend most of the time within buildings. Poor indoor
condition or thermally unpleasant indoor space can have serious implications to the health,
well-being and work efficiency of occupants. The recent extreme weather during summer
caused thousands of victims suffered from heat stroke or death around the world is clearly
indicated. The outcome will reveal the most important information on human thermal
comfort about what/how the responses of body system would be in an indoor environment
under light or moderate wind conditions.

Experiments using thermal manikin have been carrying out in the Climate Controllable
Wind Tunnel for various tasks of the project. Figure 9 shows an example of the experiment
results of sensible heat loss (Sato et al. 2010). Combined used of CFD and human subject
experiments is needed in this project in which CFD is used to simulation the effects of
wind conditions on various human body responses. A schematic diagram of the integrated
human heat balance model with CFD is shown in Figure 10. While the computational
methods can provide a great deal of data, it is also required experimental data to
compliment and verify the investigation work. A main goal of the computational program
is to help to prioritize our experimental work toward the most promising outcomes.
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Figure 9. Results of sensible heat loss under various air velocity conditions in standing position using thermal

manikin
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Figure 10. Integration of human heat balance model with CFD



5 CONCLUDING REMARKS

Humans are altering the climate worldwide there is no doubt about that, and climate has an
effect on eco-systems around the world. The overviewed extreme hot weather incidents
over 3 centuries in this paper show strong evidence of this fact.

In Japan, mortality due to hot weather happens every year and the numbers of death toll
are increasing each year. The recent heat wave raged across Japan had killed 173 people.
Many of these deaths may be preventable with adequate warning and appropriate response
to heat emergencies.

The human body is a very complex system, made up of millions of cells with different
functions, and the body system responses of extreme events such as hot or cold is, of
course, still fraught with uncertainties. Thus human thermoregulation studies have become
one of the most important topics in thermal comfort. There are various thermal models
proposed and some of the notable models were outlined in this paper. However, human
thermoregulation mathematical models and physical models (i.e. thermal manikins) can
only provide mechanical responses in comparison with real human subject where
emotional and psychological effects also play an important role in human body responses.

Research investigation directly using human subjects for real environment is still
lacking, especially in non-uniform and transient indoor environment, and thus reliable data
from human subject test are scarce. Through human subject experiment we can grab the
important knowledge of how human thermoregulation system responses to sudden extreme
environmental conditions. It is thus required immediate action to enhance knowledge in
human responses against hot climate through collaborative work and research exchange.
When the amounts of experimental data and field measurements as well as experience are
available, such casualties could be minimized or even avoided.
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