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Foreword

The effects of global climate change on human health can be grouped into two main
categories: the acute impact of extreme weather events on whole communities, but
especially the most vulnerable groups within a community, and the increased sever-
ity of chronic air pollution exposure in areas where smog and soot are already well-
known threats to children, the elderly, and persons with heart and lung ailments.

Little of the public debate about potential action to reduce human-caused release
of greenhouse gas emissions has focused on health. The vacuum may be explained
partially by concern on the part of established health advocacy groups that global
warming is literally too hot to address. Some community-based organizations worry
that working on climate change is a distraction from the ongoing efforts to maintain
political support for measures to clean up existing sources of air pollution. Further,
professionals who treat patients are appropriately cautious about speaking out on an
issue that has become so politicized, especially if they are not well equipped to
discuss the science.

The fact is that we have plenty of public policy tools—and some genuine success
stories—to build on. In California, efforts began with a solid inventory of emissions
from major sources as mandated by annual reporting requirement for major emit-
ters. The winning struggle to require manufacturers to reduce emissions of green-
house gases from new cars and light trucks led to the 2012 adoption by the U.S.
Environmental Protection Agency and the National Highway Traffic Safety
Administration of linked fuel economy and emission standards. These criterions
will save consumers money and double gas mileage for the new car fleet over the
next decade.

Measures adopted by California pursuant to ASB32, the Global Warming
Solutions Act of 2006, include mandatory industrial audits, a Renewable Portfolio
Standard requiring electric utilities to provide 33 % of their electricity from renew-
able solar, wind, and geothermal generation; a low-carbon fuel standard designed to
push for investment in cleaner fuels; and a cap-and-trade regulation that establishes
a price on carbon as a way to incent further cleanup.

California’s program is more comprehensive than other states, but a recent
inventory indicated that almost two-thirds of the states have enacted one or more

v



vi Foreword

measures designed to promote energy efficiency or promote renewable energy, and
nearly half the states as well as hundreds of local governments have made explicit
commitments to reduce greenhouse gases. While federal government lags behind
even voluntary action by many businesses, there are signs that once again the fed-
eral administration will pursue measures to promote meaningful reductions.

Many of the actions mentioned above fit the agenda that environmental and clean
energy groups have been promoting for many years. Achieving drastic cuts in emis-
sions relies on the same types of measures that are needed to meet health standards
for air pollution—burning cleaner fuels and using less energy per unit of output. We
need to promote technologies that can be diffused through the developing world to
help those societies whose economies are growing rapidly to do so without increas-
ing their carbon footprint. Breakthroughs are needed in both policy and technology
if we are to bend the upward emissions curve to something more sustainable.

One lesson that we air pollution regulators have learned from our decades-long,
highly effective but always contentious campaign to clean the air is that once the
public is persuaded that their own health and that of their families is at risk, they
are willing to accept additional cost (a few cents on the price of gasoline) and
some inconvenience (annual inspection of older cars and trucks). Even better, we
have learned to use both financial and behavioral carrots (access to carpool lanes
for the cleanest vehicles) to achieve measurable reductions with lower friction.
But what underlies the whole enterprise is that the public understands that the goal
is improved health. If the same case can be made for climate action, we will have
a real chance to make progress in the next few years on the most significant envi-
ronmental issue of our time.

This book can help bring a broader range of voices into the discussion and
increase the chance of effective action by governments to both mitigate the causes
and buffer the impacts of ongoing climate change.

Sacramento, CA Mary D. Nichols
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Chapter 1
Introduction: Consequences of Global
Warming to the Public’s Health

William N. Rom and Kent E. Pinkerton

Abstract Global warming from anthropogenic-derived greenhouse gases has
consequences including climate change and public health risks. Measurements of
these changes began in 1959 with the International Geophysical Year where CO,
was measured atop Mauna Loa in Hawaii. CO, measurements were 316 ppm in
1959, and annual averages have increased until 2010 where it was 389.8 ppm. In
2010 the increase was 2.4 ppm, the largest 1-year increase recorded since 1998. CO,
represents about 63 % of the greenhouse gases. Greenhouse gases reflect infrared
radiation back to the earth’s surface causing a warming effect. Global warming has
a major effect on climate over time which differentiates climate change from
weather which is short-term changes over hours or days. CO, has major sinks such
as the oceans and peat bogs across the Arctic and taiga, and CO, is utilized by plants
and forests in metabolism. Anthropogenic sources through burning oil and natural
gas for transportation or heating, burning of forest lands for slash and burn agricul-
ture, or burning coal have emitted CO, increasing substantially since the industrial
revolution. This has been efficiently stored in CO, sinks. Only over the past 50 years
have anthropogenic sources been prodigious enough to actually exceed the natural
sinks and increase the global recordings of greenhouse gases and temperature.
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* Social stability

Greenhouse Gases and Temperature

Global warming from anthropogenic-derived greenhouse gases has consequences
including climate change and public health risks. Measurements of these changes
began in 1959 with the International Geophysical Year where CO, was measured
atop Mauna Loa in Hawaii [1]. CO, measurements were 316 ppm in 1959, and
anannual averages have increased until May 10, 2013, when it reached 400 ppm
(Fig. 1.1). In 2010 the increase was 2.4 ppm, the largest 1-year increase recorded
since 1998. CO, represents about 63 % of the greenhouse gases. Greenhouse gases
reflect infrared radiation back to the earth’s surface causing a warming effect.
Global warming has a major effect on climate over time which differentiates cli-
mate change from weather which is short-term changes over hours or days. CO, has
major sinks such as the oceans and peat bogs across the Arctic and taiga, and CO, is
utilized by plants and forests in metabolism. Anthropogenic sources through burn-
ing oil and natural gas for transportation or heating, burning of forest lands for slash
and burn agriculture, or burning coal have emitted CO, increasing substantially
since the industrial revolution. This has been efficiently stored in CO, sinks. Only
over the past 50 years have anthropogenic sources been prodigious enough to actu-
ally exceed the natural sinks and increase the global recordings of greenhouse gases

Atmospheric CO, at Mauna Loa, Hawaii
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Fig. 1.1 CO, concentration on Mauna Loa, Hawaii (Courtesy of the Scripps Institution of
Oceanography)
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Decay of Fossil Fuel CO, Emission
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Fig. 1.2 Decay of fossil fuel CO, emissions. The fraction of CO, remaining in the air, after
emission by fossil fuel burning, declines rapidly at first, but 1/3 remains in the air after a century
and 1/5 after a millennium (From Hansen J, Sato M, Ruedy R, et al. Dangerous human-made
interference with climate: a GISS modelE study. Atmos Chem Phys 2007; 7: 2287-2312 with
permission, Copernicus Publications)

and temperature. Primary sources of the CO, are the carbon energy sources such as
oil, coal, and natural gas which have been the basis of our modern lifestyle; hence,
curtailing these sources is inherently political and accomplishing a radical restruc-
turing to a green or non-carbon lifestyle requires all stakeholders to agree or buy in.
Although economists optimistically suggest that this can be accomplished with 1 %
of global GDP expenditures such as in the Stern Report, there will be winners and
losers. Importantly, the market place externalizes the cost of pollution and is slow
to respond especially when government regulation provides no course correction. In
the case of CO,, the gas is long-lived with 33 % remaining at 100 years and 19 % at
1,000 years [2] (Fig. 1.2). This means that once the tipping point of 450-600 ppm
CO, is reached, the consequences will take years (decades or longer) to reverse [3].
Measurements of CO, captured in air bubbles in Antarctic ice show levels ranging
between 172 and 300 ppm going as far back as 800,000 years [4]. In this chapter, we
will highlight the greenhouse gases and their impacts on climate with consequences
in the immediate past and present on human health. Computer models create predic-
tions for the future, but since global warming is an experiment with little precedent,
there are uncertainties that only more data will close.

In addition to CO,, there are other greenhouse gases that have even greater
radiative forcing than CO, [5]. First, methane has approximately 22 times the radia-
tive forcing of CO, and has increased from 1,500 ppt in 1978 to 1,778 ppt in 2007
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with a leveling off for the previous 10 years [6]. Methane is far less abundant than
CO, and comes from carbon-related industrial processes but also agriculture
especially rice paddies and the permafrost in the tundra. Methane is released from
natural gas pipelines, especially leaks or explosions. A rather exotic release is from
farm and range animals’ gastrointestinal releases, and interestingly, these releases
can be mitigated by changing their diets. There is significant methane in the frozen
permafrost, and if this melts due to increased temperatures, release of stored
methane would increase the warming trend [7]. Quantifying this risk is challenging
[8]. Methane’s lifetime in the atmosphere is only 10-12 years. Global water vapor
trends have been positive perhaps due to global warming, and water vapor can act
as a greenhouse gas, but its role in causing or mitigating climate change is still
poorly understood. Nitrous oxide primarily from fertilizers but also coal and gas-
fired power plants, nylon production, and vehicle emissions can contribute to radia-
tive forcing. The global concentration of N,O in 1998 was 314 ppb. Synthetic
chemicals including perfluorocarbons, hydrofluorocarbons (HFCs), and sulfur
hexafluoride from fire extinguishers, refrigerants, and foam blowers have >200-fold
radiative forcing compared to CO, and have very long half-lives [9]. These chemicals
have been synthesized to replace chlorofluorocarbons that endangered the ozone
layer in the stratosphere in the extreme cold of the Antarctic winter. The CFCs have
destroyed enough Oj; to result in a seasonal ozone hole over the whole continent of
Antarctica; the Montreal Protocol has banned the CFCs providing an opportunity
for product substitution, but the HFCs are also greenhouse gases [10]. SO, aerosols
and organic carbon can provide a small cooling effect and black carbon from diesel
emissions and biomass burning contribute to warming [11, 12]. The latter lasts days
to weeks providing an opportunity to mitigate warming trends by reducing emission
of these small particles.

The primary and immediate consequence of greenhouse gas increase in the
troposphere is rising surface global temperature [13]. The National Oceanic and
Atmospheric Administration (NOAA) within the Department of Commerce collates
data on climate at its National Climatic Data Center in Asheville, NC. There are
~25,000 temperature stations around the world and they currently make >1.6 billion
daily observations. Data from the World Meteorological Society show annual surface
temperatures from 1861 deviate in a positive direction beginning in 1980 and persist
and increase from the norm until the present. Data collected from tree rings, corals,
ice cores, and historical records corroborate the thermometer recordings.
Temperature time series collected from NASA’s Goddard Institute for Space Studies
and United Kingdom’s land series at the University of East Anglia show the same
trends. Combining global land ocean measurements, the trend is +0.6 °C/century
and +1.0 °F/century. Warming since the 1970s is 0.2 °C/decade (0.36 °F). The
1980s was the warmest decade since the 1880s and every year of the 1990s was
warmer than the 1980s average; the 1990s was even warmer than the 1980s and
every year of the 2000s was warmer than the 1990s average. Satellites and weather
balloons show the troposphere warming similar to the surface temperatures. Rural
stations and exclusion of city stations result in the same trend. Global warming is
not spatially uniform and greater trends are seen in the northern hemisphere and in
high Arctic latitudes.
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The Intergovernmental Panel on Climate Change (IPCC) in its Fourth Assessment
Report declared, “Warming of the climate system is unequivocal, as is now evident
from observations of increase in global average air and ocean temperatures, wide-
spread melting of snow and ice, and rising global average sea level. Most of the
observed increase in globally averaged temperatures since the mid-twentieth
century is very likely due to the observed increase in anthropogenic greenhouse gas
concentrations [14].”

Consequences of Climate Change on the Biosphere

Warming will first affect the ice—in the Arctic there is a decline in the average
multiyear ice, and the extent of Arctic sea ice hit a new minimum in 2011. Data
acquired by researchers at the University of Bremen in Germany from high-
resolution microwave sensors on board NASA’s Aqua satellite showed only 4.24
million km? of sea ice on September 8, 2011, which was 27,000 km? smaller than
the previous record observed in 2007. In the mid-1980s, roughly 75 % of the Arctic
ice pack at the yearly maximum in March had survived at least one summer melt
season; today only 45 % has [15]. Since the record low sea ice extent that occurred
in summer 2007, no very old ice (9 or more years old) is left in the central Arctic
basin. Only a thin ribbon remains tucked up against the islands of the Canadian
Arctic. The loss of the multiyear ice is both a result of climate change and, ulti-
mately, an accelerator of it. The less old ice there is in the ice pack, the more easily
the ice melts in the summer. The more the ice melts, more ocean is exposed to the
24-h summer sun. Bright white ice reflects incoming sunlight, but dark ocean water
absorbs it, heating the ocean and accelerating warming. In a conversation with Ikuo
Oshima in Siorapaluk, the furthest north village occupied by the Thule Inuit, he
lamented the late freezing of the sea ice from October to December making it
difficult to hunt in the late fall when complete darkness descends. Furthermore, the
earlier melting in the spring moving from the traditional August to as early as May
makes the late winter ice slushier and more dangerous. The Inuit have a difficult
time compiling sufficient meat for their culture as hunters to survive (Fig. 1.3). The
polar bear, numbering almost 20,000, will be unlikely to survive as a species with
wider water gaps and less frozen ice to hunt seals. In Antarctica, there has been loss
of ice shelves such as the Larsen B in 2002 [16] (Fig. 1.4). Loss or reduction of the
size of Antarctic ice shelves adversely affects the population of krill that are the
basis of Antarctic biodiversity. The Adelie and emperor penguins on Antarctica and
the huge population of king penguins on South Georgia and other Antarctic islands
are at risk because of potential declines in krill [17]. Winters with extensive sea ice
enhance krill abundance, and emperor penguins mainly feed on fish species that in
turn depend on krill and other crustaceans.

Glaciers are in retreat across the globe with Glacier National Park in Montana
predicted to be glacier-free by mid-century. Temperate glaciers near the equator are
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Fig. 1.3 Increase from 1992 (left) to 2002 (right) in the amount of the Greenland Ice Sheet melted
in the summer (From the National Aeronautics and Space Administration, Scientific Visualization
Studio, with permission)

C

llapse of the Larson B Ice Shelf, Antarctica
MO BT .'t‘?_’% S

i s V]

January 31, 2002 | March 5, 2002

Sl ¥

Fig. 1.4 Breakup of Larsen B Ice Shelf on Antarctic Peninsula January—March 2002 (MODIS
images from NASA’s Terra satellite. Courtesy of the National Snow and Ice Data Center, University
of Colorado, Boulder, CO)
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KILIMANJARO SUMMIT
| —
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1999

Fig. 1.5 Uhuru Point, Kilimanjaro Summit, William N. Rom M.D. in 1970 (leff) and daughter
Nicole in 1999 (right). Notice disappearance of Kilimanjaro ice fields over 29 years (Courtesy of
the author)

at immediate risk, e.g., glaciers on Kilimanjaro have declined from 12.5 to 1.8 km?
from 1912 to 2000 (Fig. 1.5). Glaciers are the source of drinking water and
hydropower for Latin American cities like Lima, Peru, and La Paz, Bolivia, creating
a potential cause for concern about their future demise. The seven great rivers arising
out of the Himalayas and Kun Lun Ranges from glacial melt serve nearly 40 % of
the world’s population. Increasing glaciers’ melting also produces lakes at the
terminus of their moraines; increased meltwater can rupture these enlarging lakes
and flood downstream communities. In 2005, photojournalist David Arnold retraced
Bradford Washburn’s footsteps photographing glaciers at the same date, time, and
altitude/position as a half century earlier. Bradford Washburn had taken 8,000
black-and-white photographs chronicling mountains and glaciers of Alaska. The
before-and-after photographic project illustrates the rate of change in glaciers from
global warming (Fig. 1.6).

Changes in the Arctic regions include warming that could melt permafrost or
perennial frozen ground releasing CO, and methane gas [18]. Permafrost underlies
24 % of the terrestrial northern hemisphere and 80 % of Alaska. Permafrost is
mostly discontinuous and much of the known regions is in disequilibrium with the
current climate. Melting of the permafrost could allow peat and attendant water to
increase plant species taking up carbon, but models predict a greater release of carbon
over time. Melting permafrost disrupts forests and man-made structures including
buildings, pipelines, roads, and other infrastructures. The boreal and mountain forests
are at risk due to climate change. The mountain pine bark beetle, lethal to spruce
and pine trees, is normally killed by extreme cold 20-40° below zero. With global
warming, the mountain pine bark beetle is thriving putting extensive forests in the
sub-Arctic and US Rocky Mountain West at risk. Bark beetles in Alaska’s Kenai
Peninsula have killed spruce across three million acres, nearly half of the peninsula.
An outbreak has consumed millions of acres in British Columbia spreading north
and east into Alberta and into higher altitudes. Unfortunately, there is evidence that
it has spread to jack pine, which is a common species throughout the boreal forest.
Complicating the mountain beetle infestation is the more rapid melting of the winter
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Columbia Glacier 2005

.
Arapaho Glacier 2003

-
Arapaho Glacier 1898

Fig. 1.6 Columbia Glacier, Alaska, c. 1980 by Austin Post, US Geological Survey; Columbia
Glacier 2005 by Tad Pfeffer, Institute of Arctic and Alpine Research, University of Colorado
(From from the National Aeronautics and Space Administration. Arapaho Glacier 1898 and 2003
courtesy of USGS Repeat Photography Project http://nrmsc.usgs.gov/repeatphoto/)

snowpack and drying of the climate leading to water-challenged forests leaving root
structures of such species as aspens unable to support the forest. These forests are
tinderboxes that serve to enable forest fires that are increasingly common in the US
Southwest. Deforestation, usually to make way for agriculture, has been under way
for decades, with Brazil and Indonesia being hotspots. The burning of tropical
forests not only ends their ability to absorb carbon but also produces an immediate
flow of carbon back to the atmosphere, making it one of the leading sources of
greenhouse gas emissions. The world’s forests cover ten billion acres and absorb
one-quarter of human emissions of CO,. Deforestation of the Amazon is proceeding
at a pace 5.8 million acres per year due to roads, hydroelectric plants, forest burning,
and soybean farming. Second-growth forest may be able to keep pace with CO,
absorption, although this needs study. Species may likely change as global warming
proceeds with southern species extending their range northward. In this regard, the
sugar maple of Vermont may be at risk for replacement by oak, hickory, or pine;
already maple sap is running up to 2 weeks earlier.
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The gradual rise of the sea level is of concern for low-lying nations and small
island states like the Maldives in the Indian Ocean and Kiribati, Tuvalu, Cook
Islands, and Marshall Islands in the Pacific. The sea-level rise is based on two
mechanisms: first, the global warming exerts a steric force by thermal expansion of
the volume of water and second, a eustatic force by increased mass of water from
melting of sea ice, polar ice shelves, and polar glaciers. The Institute of Arctic and
Alpine Research calculated that with the most likely glacial melting scenarios
estimated a range of sea-level rise of 0.8—2.0 m by 2100 which was higher than the
Fourth Assessment Report of the IPCC [8]. These calculations are difficult because
the rate of rise in greenhouse gases and temperature is increasing 1990-2010 accel-
erating the melting of polar ice each year, although there are vast amounts of ice
remaining.

Bleaching of coral reefs is occurring worldwide, and most experts attribute this
to global warming from increased temperature and acidity of the oceans, although
local pollution is another contributing factor [19]. Coral reefs are critical to biodi-
versity of the ocean, e.g., there are up to 800 types of coral, and 4,000 fish species
live and propagate on coral reefs. Seaside communities in developing countries
depend on coral fish populations for food, and as the coral reefs bleach and disappear,
the health and survival of these people are at risk. Coral reef ecosystems are a sym-
biotic relationship between various coral species and algae, e.g., crustose coralline
algae. Algae are known as dinoflagellates because they use irradiance for photosyn-
thesis. These zooxanthellae supply coral reefs with essential nutrients produced by
photosynthesis, especially carbon, in return for shelter and access to sunlight
provided by the reefs. The algae impart color to the reefs, but they are sensitive to
increase in temperature, CO,, and acidity causing them to die and consequently
starving the reefs turning them white which is known as coral bleaching (Fig. 1.7).
The oceans serve as a sink for CO, with >30 % of CO, emitted to the atmosphere by
human activities taken up by the ocean; the resultant carbonic acid has lowered the
pH from 8.16 to 8.05 over the past 2 decades [20]. The acidity prevents calcium
carbonate accretion by reef corals. Experimental aquae on the Great Barrier Reef in
Australia with several CO, and warming scenarios show striking bleaching up to
50 % after 8 weeks of exposure to CO, 520-1,300 ppm (IPCC categories IV-VI)
and irradiance [21]. Acidification was an additional effect, and any potential adapta-
tion and acclimatization by coral reef organisms to thermal stress may be offset or
overridden by CO, effects. Thus the authors concluded that CO, triggers bleaching
in synergy with warming under high light.

Consequences on Human Health

The World Health Organization estimates that the warming and precipitation trends
due to anthropogenic climate change over the past 30 years already claim 150,000
lives annually [22, 23].
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Fig. 1.7 The health of Carysfort Reef off the coast of Florida has declined dramatically in the past
25 years. The photographs show this decline. Coral that was healthy in 1975 is visibly sick by 1985,
and dead and broken by 1995 (Courtesy of Phillip Dustan, College of Charleston, Charleston, SC)

Heat Waves

The first consequence of global warming will be increased heat stress, particularly in
urban centers that already can serve as heat islands [24, 25]. Increased temperature
in urban islands will occur not only in the daytime but also at night preventing any
nocturnal relief. Heat waves will be accompanied by increased mortality due to car-
diorespiratory diseases but also diabetes, accidents, homicides, and suicides [26].
Mortality also goes up for heat stroke with its attendant dehydration. Heat stroke is
defined clinically as core body temperature >40.6 °C accompanied by hot, dry skin
and central nervous system abnormalities. The more rare hyperthermia is a medical
emergency due to failed thermoregulation by the body and core body temperatures
exceeds >41-42 °C. Extreme heat events vary by region and adaptation, e.g., a tem-
perature of 102 °F would create a negative health outcome in Cleveland, whereas the
same temperature would have little additional effect on people in Phoenix.

The most famous heat wave occurred in Europe in August 2003 resulting in
32,000 excess deaths and adverse environmental effects on crops, forest fires, and
loss of glacial mass [27]. France experienced a loss of 15,000 deaths with 2,000
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heat-related deaths in 1 day [28, 29]. Hospitals, retirement, and nursing homes
without air conditioning were especially vulnerable. Heat effects may be lingering
where the 1-month and 2-year mortality in Lyon, France, among 83 patients admit-
ted for heat stroke August 1-20, were 58 % and 71 %, respectively. A positive
association has been noted between heat waves and mortality in the elderly, espe-
cially elderly women in social isolation [30]. In the Assessment and Prevention of
Acute Health Effects of Weather Conditions in Europe project, a 1 °C increase in
maximum apparent temperature above a threshold increased respiratory admissions
by +4.5 % (95 % CI 1.9-7.3) in Mediterranean and North-Continental cities [31].
In the EuroHEAT project, heat wave-related mortality ranged from +7.6 % in
Munich to +33.6 % in Milan 1990-2004 [32]. The increase was up to three-times
greater during episodes of long duration and intensity. The highest effect was
observed for respiratory diseases and among women aged 75-84 years. In 2003 the
highest impact was observed in cities where the heat wave episode was character-
ized by unusual meteorological conditions.

Higher surface temperatures, especially in urban areas, promote increased
ground-level ozone with a synergistic effect on mortality. Data from nine French
cities regressing temperature and ozone on mortality found a significant effect of
1 % per 10 pg/m?® in ozone level [33]. The US epidemiological studies show that a
10 °C increase in temperature on the same summer day increased cardiovascular
mortality by 1.17 %, and there was an 8.3 % difference comparing the highest level
of ozone to the lowest among the 95 cities in the National Morbidity and Mortality
Study [34]. Schwartz and colleagues found an association between elevated tem-
peratures and short-term increases in cardiovascular-related admissions for 12 US
cities [35, 36]. PM,, has been associated with increased cardiovascular and chronic
pulmonary disease deaths in Wuhan, China, located in a deep valley susceptible to
trapping air pollutants, where a dose response has been observed with the highest
mortality on the days of extremely high temperature exceeding 33.1 °C [37].
Behavioral conditions have also been associated with higher temperatures in urban
areas [38]. A recent study of 40 US cities projected extreme heat events to increase
fivefold by mid-century resulting in 32,934 more deaths and eightfold with business
as usual by 2100 and 150,322 more deaths [39]. A recent study of Medicare hospital
data 1985-2006 for 135 cities evaluated mortality for congestive heart failure,
myocardial infarction, COPD, and diabetes [40]. A Cox proportional hazard model
for each cohort within each city was correlated to summer temperature variation.
Mortality hazard ratios ranged from 1.028 to 1.040 per 1 °C increase with higher
associations for those >74 years. They were lower in cities with a higher percentage
of land with green surface. Based on an average of 270,000 deaths per year across
all four cohorts, a 5 % increase in mortality would correspond to ~14,000 additional
deaths per year due to an increase in temperature variability in the United States.

It has been postulated that allergic diseases including hay fever and asthma will
increase with urban global warming due to increases in pollen [41, 42]. Increases in
CO, from 350 to 700 ppm in laboratory conditions can increase ragweed mass and
pollen output from 40 to 60 % [43]. The major ragweed allergen, Amb a 1, was also
noted to increase in laboratory experiments [44]. The US Department of Agriculture
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has performed field experiments with ragweed plots in Baltimore demonstrating an
urban island heat and CO, effect on pollen release compared to suburban or rural
plots. More than 40 million Americans complain of hay fever and 16 million have
asthma defined by the Centers for Disease Control and Prevention, and the trend for
asthma has been increasing over the past 2 decades [45].

Vector-Borne Diseases

Global warming may alter the distribution of vector-borne diseases with malaria
and dengue fever expanding their ranges by moving north from tropical to midlati-
tude regions including the United States [46]. Malaria continues to plague African
children with 880,000 deaths and approximately 250 million cases per year globally
[47]. The epidemic potential of malarial transmission has been projected to increase
12-27 % as a result of climate change. The more compelling data comes from
records of illnesses kept in health dispensaries on tea plantations stemming from the
British colonial era in Kenya [48]. The cases of malaria were projected for the tea
highlands with temperature and rainfall over 3 decades showing a nonlinear correla-
tion with actual cases exceeding predicted suggesting an effect already from climate
change [49].

Dengue fever is primarily transmitted by Aedes aegypti (now named Stegomyia
aegypti) and secondarily by Aedes (Stegomyia) albopictus. The WHO chronicles a
30-fold increase over recent decades and 50—100 million cases globally. These mos-
quitoes bite during the daytime making bednets a less useful preventative compared
to household spraying. Oviposition or the number of eggs laid per female increases
dramatically with temperature with a doubling per 5 °C. Oviposition also increases
when humidity climbs above 60 %. The eggs need standing water to hatch and
increased rainfall will assist moving the mosquito life cycle. Increasing temperature
shortens the incubation time for the egg inside the mosquito and can increase
mosquito abundance. At higher temperatures there is a reduced size, weight, and
wing span of the mosquito which requires more frequent biting to complete one
gonotrophic cycle. Higher temperatures require unfed females to feed sooner for the
sake of their own survival than do lower temperatures.

Dengue fever is characterized by high fever, headache, skin rash, and muscle and
joint pains with the name breakbone fever. A more severe form, dengue hemor-
rhagic fever occurring in about 5 % of cases, is characterized by shock with increased
vascular permeability, internal bleeding and disseminated intravascular coagulation,
and circulatory failure. It is caused by a RNA flavivirus, and there are four distinct
serotypes. The Gates Foundation is funding efforts for a multivalent vaccine against
the four serotypes. The entire Stegomyia genome has been sequenced with 14,519
protein coding sequences arising from 1.38 billion base pairs. Computer modeling
predicts 5—6 billion people at risk of dengue transmission by 2085, but if CO, were
controlled at current projected trends, then only 3.5 billion (35 % of the world’s
population) would be at risk [50]. Dengue fever time-series studies correlate out-
breaks with temperature, rainfall, and humidity.
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Implications for Social Stability

Global warming leads to climate change with potential effects on intensity and
frequency of hurricanes, cyclones, and storms; drought with effects on food produc-
tion and famine, population migrations, and potential war; increased precipitation
with attendant flooding; and adverse financial impacts on insurance companies and
governments’ ability to respond to disasters [51]. September 2011 brought a mix of
wet and dry conditions around the globe. Tropical cyclones Talas and Roke impacted
Japan and nearby regions with intensive precipitation; Nesat brought extremely
heavy rainfall to the Philippines; and Irene and Lee drenched the northeastern
United States. Irene also dumped heavy rain over the Dominican Republic. The
southwest Asian monsoon brought heavy precipitation to Pakistan and eastern
India. Other regions with much higher-than-normal precipitation included Colombia
in South America and part of southeastern Africa around Mozambique, Zimbabwe,
and Tanzania. Hurricane Katrina highlighted the 2005 hurricane season that was the
costliest in the United States at $81 billion in property damage. Katrina, a category
3 hurricane, was the fifth worst hurricane in the history of the United States causing
1,836 deaths from the hurricane and its attendant floods. Over 80 % of New Orleans
flooded after the failure of its levee system.

Below-average precipitation anomalies across the southern tier of the United States
are indicative of ongoing major drought conditions. It was also exceptionally dry
across the western United States; much of eastern and southern South America, par-
ticularly eastern Brazil; much of central Asia, including nearly all of Mongolia; and
much of Australia. These hot, dry conditions exacerbate intensity and frequency of
forest fires. In 2010, Australian blazes occurred after a record heat wave and hot, dry
winds in southern Victoria state. The fires have swept nearly 500,000 acres. At least
170 people were killed in the disaster, and more than 3,000 people were displaced.

Lack of rainfall over several seasons is the most immediate and most visible
cause of the current humanitarian crisis in the Horn of Africa. Climate change is
only one of several factors that have led to the crisis; other factors are longer term.
They include a very large population that depends on rain-fed agriculture and
pastoralism for their livelihoods and sustenance. Environmental degradation—soil
degradation and water degradation—and rapid population growth have compounded
the problem. The climate is changing, which is changing the frequency of extreme
events, such as the current drought, in ways that can only partially be anticipated.
Much of sub-Saharan Africa has neglected agricultural development, and a recent
phenomenon has been the purchase of large tracts of land to produce export food
commodities. As a result, rural communities across Africa are trapped in worse and
worse poverty, vulnerability, and dependence and have become more and more
vulnerable to the impacts of shocks such as the current drought, increasing dependence
on external humanitarian assistance. Population growth and the desire by a wealth-
ier middle class in developing countries have created the need for more energy
sources, supplied largely from the burning of fossil fuels. Urban expansion has
resulted in the net loss of agricultural land. Migration to urban centers from rural
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areas by peasants seeking a better life has increased the stress on food production.
Some of the most fertile and productive farmlands are near cities. Agricultural lands
can have reduced production due to overdrawn aquifers without replenishing the
water. The combined effects of climate change, population increase, and expecta-
tions of a higher standard of living that lead to land and water scarcity for food
production will affect the quantity of food and quality of the diet that can portend
adverse effects on nutrition. Although increased CO, would expect to enhance crop
growth, more likely there will be numerous other factors including fertility of the
soil, insect, and other pests that flourish in warmer climate that will mitigate or
eliminate any positive effects.

The world experiences about 500 weather-related disasters a year compared to
about 100 per year in 1980. This adversely affects the insurance and reinsurance
industries including Swiss Re, AIG, and others. Swiss Re estimates 3.4 billion
people, primarily in the developing world, are at risk from storms, droughts, and
floods creating a risk pool for innovative insurance solutions. Insured losses have
jumped from an annual $5 billion to an annual $5-27 billion over the last 40 years.
In 2011, Americans experienced 14 record-breaking weather and climate disasters
that each caused $1 billion or more in damages, in total costing approximately $53
billion. In March 2012, 15,292 warm temperature records were broken across the
United States. Climate risks are estimated to cost up to 19 % of annual GDP by
2030 with the potential of setting back development gains by years. The United
Nations estimates that by 2030 the world should be spending an additional $36-135
billion each year to address the effects of climate change. Companies such as Swiss
Re are offering commercial insurance solutions as pre-disaster planning for devel-
oping countries to offset public budgets, but the countries must adapt climate-
mitigation policies. At the World Economic Forum, it was estimated that moving to
a low-carbon energy infrastructure and restricting warming to below 2 °C would
require global investment in clean energy of roughly $500 billion per year by 2020.
However, public and private investment in clean energy in 2009 was only $145 bil-
lion, far below needed levels. Private sector investors are critical to global efforts to
stimulate a low-carbon economy, adapt to the unavoidable impacts of climate
change, and close the climate investment gap. They require risk-adjusted long-term
certainty from governments and international institutions about the direction of
clean energy and climate policies and financing. Capital is not flowing to low-
carbon investments at the scale required because of a lack of investor confidence in
their climate and clean energy policy framework.

The United States’ military is assessing risks for future conflict around the world
relating to climate change. Recent war games and intelligence studies conclude that
over the next 20-30 years, vulnerable regions, particularly sub-Saharan Africa, the
Middle East, and South and Southeast Asia, will face the prospect of food short-
ages, water crises, and catastrophic flooding driven by climate change that could
demand an American humanitarian relief or military response. As an example,
Bangladesh will lose about 20 % of its land mass, creating a major refugee popula-
tion since it is already densely populated. There will be a spill over migration or an
exodus of people walking toward India. The Indians have built a fence around
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Bangladesh and are in the process of electrifying it. This will be one potential site
for armed conflict with different religions, damage to infrastructure from flooding,
and the spread of contagious diseases. The US military has seen damage to infra-
structure such as its Pensacola naval station in Florida from hurricanes, the potential
loss of bases such as Diego Garcia in the Indian Ocean, and new Arctic sea lanes to
defend with the melting of the Arctic ice cap. They have been particularly innova-
tive in creating fuel cells, solar panels for Afghan outposts, and alternative fuels for
aircraft and vehicles since supply lanes are vulnerable to attack.

Efforts at Mediation and Regulation

The United Nations has been the central focus on developing international consen-
sus for climate change science and mitigation. Stockholm, Sweden, was the host for
the first United Nations Conference on the Human Environment in 1972 and led to
the establishment of the United Nations Environment Program (UNEP). The purpose
of the conference was to unite the countries of the world against a common enemy,
which was environmental degradation. Following this, the UN set up a commission
of environment and development that issued a report using the term “sustainable
development” as the way to ensure that economic development would not endanger
the ability of future generations to enjoy the fruits of the earth. The twentieth anni-
versary of this conference was held in Rio de Janeiro in 1992 and called the “Earth
Summit” which was attended by leaders of 105 nations demonstrating their com-
mitment to sustainable development. The framework convention on climate change
encouraged adoption of national policies that mitigate climate change by limiting
anthropogenic emissions of greenhouse gases and protecting and enhancing their
greenhouse gas sinks and reservoirs.

Since the 1992 agreement set no mandatory limits on greenhouse gas emissions
for individual countries and contained no enforcement mechanisms, it was consid-
ered nonbinding. It did establish national greenhouse gas inventories of emissions
and removals and set up the Conferences of the Parties (COP). In 1997 the Kyoto
Protocol established legally binding obligations for developed countries to reduce
their greenhouse gas emissions. Most industrialized countries and some central
European economies in transition agreed to legally binding reductions in green-
house gas emissions of an average of 6-8 % below 1990 levels between the years
2008 and 2012. The United States would be required to reduce its total emissions an
average of 7 % below 1990 levels. Despite the negotiations on behalf of the US
government by Vice President Al Gore and the President’s signature, the US Senate
refused to consider ratification because developing countries such as India, China,
and Brazil were not bound to reduce their greenhouse gas emissions. The Byrd—
Hagel Senate Resolution agreed to by 95 senators mandated that developing coun-
tries had to be included before the United States would ratify the treaty. China,
India, Brazil, and other developing countries already emit half of the greenhouse
gas emissions and are not subject to Kyoto reductions.
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The details of this treaty were gradually agreed to at the COP meetings. After the
2001 rejection of the Kyoto Treaty by the Bush Administration, the United States
was reduced to observer status at the COP meetings. The flexibility mechanisms
advocated by the United States were agreed to which allowed industrialized coun-
tries to fund emissions reduction activities in developing countries. The Joint
Implementation projects fund clean energy projects in countries that are industrial-
ized but not required to contribute to the costs of developing countries; the advan-
tage of these projects is that they are cheaper but still satisfy greenhouse gas
reduction targets. The Clean Development Mechanism allows industrialized countries
to invest in renewable energy, energy efficiency, and fuel switching in developing
countries to meet their CO, limits and invest more cheaply to achieve the target
reduction of 1.5 billion tons of CO, equivalents. A Program of Activities was developed
to bundle CDM efforts such as distributing compact fluorescent lamps, efficient
cook stoves, building refurbishment, or solar water heaters. The COP also agreed
that credit would be granted for broad activities that absorb CO, from the atmosphere
or store it, including forest and cropland management and revegetation. The COP
agreed to compliance issues such as a “make-up” requirement for shortfalls at 1.3 tons
to 1 and/or suspension of the right to sell credits for surplus emissions reductions.

Ministers and officials from 192 countries met at COP 15 in Copenhagen,
Denmark, in 2009 to establish an ambitious global climate agreement for the period
from 2012. President Obama decided to put off the difficult task of reaching a
climate change agreement and instead pursued a less specific political accord to
limit the growth in CO, emissions with a temperature increase limited to 2.0 °C. The
accord was notable in that it referred to a collective commitment by developed
countries for $30 billion 2010-2012 for forestry and investments through interna-
tional institutions. In Canctin, Mexico, COP 16 confirmed the goal of limiting global
warming to no more than 2 °C above preindustrial levels and agreed to set up a new
climate green fund to transfer money to developing countries. They also gave
backing to the UN’s deforestation scheme and defined the building blocks for a
framework to help countries design and implement effective adaptation strategies,
explicitly mentioning risk management and insurance. The agreement also noted
that addressing climate change required a paradigm shift toward building a low-
carbon society. The agreement included a “Green Climate Fund” of $100 billion a
year by 2020 to assist poorer countries in financing emissions reductions and
adaptation. There was no specific agreement on how this fund will be raised, and the
decisions of the legal form and level of emissions reductions were once again
deferred. They did develop a time frame for implementation of efforts to reduce
emissions from deforestation and forest degradation (REDD); robust measurement,
reporting, and verification (MRV), to increase confidence in national climate
policies; and support for the creation of well-functioning markets in developing
countries for energy efficiency and renewable energy to accelerate the effective
deployment and diffusion of these technologies at scale.

The United States was stymied to develop a national carbon policy with the
Senate only mustering 44 votes for the first McCain—Lieberman Climate Bill that
would set up a modified cap-and-trade program in 2003; nothing further was debated
on the floor for the next 8 years. The US House of Representatives passed the first
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climate change bill in 2009 named after Representatives Waxman and Markey.
It was based on cap and trade, with a goal of reducing greenhouse gas emissions
17 % below 2005 levels by 2020 and 83 % by 2050. This bill prohibited the EPA
from regulating CO, under the Clean Air Act. In 2007 the US Supreme Court
decided that EPA had statutory authority under the Clean Air Act to regulate CO,
(Massachusetts et al. vs. EPA). The EPA also announced the Greenhouse Gas
Reporting Rule, which affects entities with more than 25,000 tons/year (about 70 %
of all US emitters). The EPA also found that CO, endangered public health and
welfare allowing it to regulate CO, under the National Ambient Air Quality
Standards. EPA regulations are based on science to protect the public health with an
adequate safety margin to protect susceptible subgroups; however, political consid-
erations at the White House mitigate what can be achieved in regard to pressure
groups who bear the burden of cleanup costs.

California is the first state in the United States to adopt a cap-and-trade CO,
regulation with a target to reduce CO, emissions by 15 % by 2020 compared to 1990
baseline implementing AB 32, California’s historic climate change law. The
California Air Resources Board will implement regulations covering 360 businesses
representing 600 facilities mandating caps or credits in 2013 and by 2015 will cover
distribution of transportation fuel and natural gas. Under the program, companies
are not given a specific limit on their greenhouse gas emissions but must supply a
sufficient number of allowances to cover their annual emissions. As a state-wide cap
declines annually, the total number of allowances issued also declines. The allow-
ances given to electric utilities are to be sold at auction, with the proceeds distrib-
uted to ratepayers. California joins Europe and Australia with a cap-and-trade
program. Pacala and Socolow’s 7/15 stabilization wedges required to solve the
climate problem over the next 50 years with current technologies projected mind-
numbing options that humankind has not even approached considering [52].

Canada has been increasing its production of oil from its Alberta tar sands (sand
saturated with bitumen) that contain twice the amount of CO, emitted by global oil
use in our entire history. The mineable area encompasses approximately 700,000
acres (size of Rhode Island) and ten mines are operating on almost one-third of this
area [53]. About two-thirds of this boreal forest is peatland habitat, and this will not
be restored by reclamation. Reclamation will create upland forest and scraping off
peatlands onto mined areas does not remain alive. Landscape changes caused by
currently approved mines will release 11-47 million tons of stored carbon and will
reduce carbon sequestration potential by 6—7 metric tons carbon/year. This is an
energy-intensive industry with natural gas used to heat bitumen and refine it into a
liquid that can be transported by pipeline to Midwest refineries. Additional pipelines
to Gulf Coast refineries and across British Columbia for export to the Far East have
been controversial. The tar sands contain enough carbon, 240 gigatons, to add
120 ppm to the 393 ppm CO, currently in the atmosphere. Hansen’s approach to
solve this crisis is a carbon fee placed at the source of fossil fuel industries with the
proceeds distributed on a per capita basis to individuals to invest [2]. Economic
forecasts suggest that Americans would get back more than what they would pay in
higher prices, and the reduction in oil use resulting from the carbon price would be
nearly six times as great as the oil supplied from the proposed pipeline from Canada.
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Chapter 2
Climate Variability and Change Data
and Information for Global Public Health

Juli M. Trtanj and Tamara G. Houston

Abstract Using climate data correctly is a critically important challenge that
underpins robust science and decision making about the health effects of climate
change. Researchers in this interdisciplinary field must be informed enough to ask
the right questions, to find and understand the right data that ultimately provide
scientifically sound information to help people make the right decision. This
requires active recognition of the need to really understand the caveats and best uses
of a particular dataset or product. Some more widely used data and products such as
those developed for the Intergovernmental Panel on Climate Change may have
well-defined tutorials and use parameters. In most cases, however, it is wiser to find
the owner or originator of the data, and work with them to ensure appropriate use of
the data and therefore robust scientific findings that inform decisions and move this
interdisciplinary field forward in both science and policy contexts.

Keywords Climate variability and health ¢ Climate and Health ¢ Global public
health » Health consequences of climate variability  Climate data * Global Ocean
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One of the great challenges in understanding the health consequences of climate
variability and change is the paucity of temporally and spatially compatible data to
underpin evidence-based scientifically sound knowledge and action. Robust results
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require data from many different disciplines, ranging from medical, epidemiology,
social science, environment, oceanography, to climate. Within each of those disci-
plines, there is yet greater granularity, variability, and quality of data. The key is to
have a well-defined problem, ask the right questions to identify the most appropriate
data, and find out as much as you can about the data, preferably by reaching the
person who owns, collected, or processed the data, and at the very least the metadata
manager. This level of data familiarity is critical to continually improve the quality
of research in this field, and support greater knowledge about health consequences
and adaptation options. Too often those in a specific discipline think their data are
the most complex or difficult and will think it straightforward to simply download
or use data from another discipline, do their analysis, and publish the results without
a clear understanding of the data and its limitations. The reality is that most datasets
are complex and have significant strengths and weaknesses. Knowing how and
when to use them appropriately is critical. Otherwise, the result is often erroneous
conclusions about causality, or mechanism, which fundamentally detracts from the
scientific rigor that underpins this interdisciplinary community.

Climate Data

This chapter is designed to provide a common understanding of climate terminol-
ogy, climate data, and to highlight the major, long-standing data and modeling cen-
ters through which climate data and models are available. Even within the climate
and weather community there is often not consensus about the definitions that fol-
low. This chapter is intended to provide general guidelines and definitions that har-
monize terminology across the physical and biological sciences to facilitate
more fruitful interactions.

Data Cultures

Just as epidemiology is the study of patterns of disease in a specific population at a
specific location over a specific period of time; person, place, and time, climatology is
somewhat similar in concept, but differs greatly in approach. One of the biggest dif-
ferences—and opportunities—between the climate and health communities is the
approach to data—volume, scale, scope, frequency, continuity, and treatment. The
climate community has a culture of voluminous data collection through targeted and
sustained in situ, space-based and airborne platform observations, data management,
archiving, reanalysis, and creating modeled datasets. Data management is a highly
respectable career; Entire highly respectable careers are spent on data management.
International cooperation is built around data sharing (see GEO). Supercomputer
power is critical to manage and model it. In contrast, health data tend to be event and
illness specific, often without continuous collection over long time periods that estab-
lish to baseline conditions, and usually without any geo-referenced environmental
parameters. Actual health outcome data may even be more sparse, or due to privacy
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issues, unavailable at all. Multidisciplinary collaboration will require each of us to
learn from the other to improve data collection, access and ultimately the public health
usefulness, let’s learn from each other and together tackle this data disconnect.

Defining Terms

Understanding and using the correct terminology will greatly facilitate communica-
tion across disciplines, the development of a robust problem statement, and iden-
tification of appropriate data to use in answering that problem. Climate is a continuum
encompassing short-term weather to seasonal, decadal, and long-term changes in the
climate system. On top of this is layered the operative functional capacity, i.e., fore-
cast, early warning, prediction, and scenario, with each having associated levels of
uncertainty based on the lead time and model error. To really understand the complex-
ity inherent in these coupled human and natural systems requires the consideration
of other social and economic factors. Figure 2.1 provides an overview of the rela-
tionship between time scale and uncertainty.

Weather is the day-to-day state of the atmosphere, at a specific place and time, and
its short-term (minutes to days) variation. Weather is described as the combination
of temperature, humidity, precipitation, cloudiness, visibility, and wind speed and
direction. We talk about the weather in terms of “What will it be like today?”” “How
hot is it right now?”” and “When will that storm hit our section of the country?” [1].

Climate is the slowly varying aspect of the atmosphere-hydrosphere-land surface sys-
tem, defined as statistical weather information that describes the variation of weather at
a given place for a specified interval. It is typically characterized in terms of averages of
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specific states of the atmosphere, ocean, and land, including variables such as tempera-
ture (land, ocean, and atmosphere), salinity (oceans), soil moisture (land), wind speed
and direction (atmosphere), and current strength and direction (oceans). In popular
usage, it represents the synthesis of weather; more formally it is the weather of a locality
averaged over some period (usually 30 years) plus statistics of weather extremes [2].

Local or regional climate is in terms of the averages of weather elements, such
as temperature and precipitation, derived from observations taken over a span of
many years. In this empirically based context, climate is defined as weather (the state
of the atmosphere) at some locality averaged over a specified time interval. Climate
must be specified for a particular place and period because, like weather, climate
varies both spatially and temporally [3].

In the most general sense, the term climate variability denotes the inherent char-
acteristic of climate which manifests itself in changes on seasonal, interannual,
decadal and multidecadal time scales. These climate variability phenomena which
affect weather includes regimes such as the El Nino-Southern Oscillation (ENSO),
Madden-Jullien Oscillation (MJO), Atlantic Oscillation (AO), North Atlantic
Oscillation (NAO), Pacific North American Oscillation (PNA). A suite of weather
and climate forecast products can be found at http://www.cpc.ncep.noaa.gov/prod-
ucts/forecasts/. The degree of climate variability can be described by the differences
between long-term statistics of meteorological elements calculated for different peri-
ods. The term climate variability is often used to denote deviations of climate statis-
tics over a given period of time (such as a specific month, season, or year) from the
long-term climate statistics relating to the corresponding calendar period. In this
sense, climate variability is measured by those deviations, which are usually termed
anomalies [4].

Climate change is a change in the statistical distribution of weather over periods of
time that range from decades to millions of years [5]. Climate change is expressed in
terms of years, decades, or even centuries—but its impacts can be felt in the present.
Scientists study climate to look for trends or cycles of variability (such as the changes in
wind patterns, ocean surface temperatures, and precipitation over the equatorial
Pacific that result in El Nifio and La Nifia) and also to place cycles or other phenom-
ena into the bigger picture of possible longer term climate changes [2]. Epidemiologists
too look for trends or cycles of disease incidence or patterns of outbreak.

Global warming is the gradual increase in the average temperatures of Earth’s
near-surface air and oceans since the mid-twentieth century and its projected con-
tinuation [5].

Early Warning, Outlook, Prediction, Forecast,
Projection, and Scenario

In addition to the basic definitions, the application of those terms to a suite of pre-
dictive tools across time scales warrants similar clarification.
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Early warning can mean basic monitoring, forecasts, or predictions that provide
advance notice to decision makers that allow preventive action to take place. This
can cross time scales ranging from tornado warning a to a risk map of potential
pathogenic vibrio affecting shellfish, or using an El Nino forecast to help manage
malaria risk.

Outlooks are typically on of for one to thirteen months in the future. Extended range
outlooks for 6-10 and 8-14 days also exist for degree days, drought, and soil mois-
ture. (cite http://www.cpc.ncep.noaa.gov/products/forecasts/) weeks to monthly to
seasonal time scales.

Climate prediction is generally intraseasonal to seasonal to interannual. A predic-
tion is a probabilistic statement that something will happen in the future based on
what is known today and is most influenced by the initial, or current, conditions.
A prediction generally assumes that future changes in related conditions will not
have a significant influence. For example, a weather prediction indicating whether
tomorrow will be clear or stormy is based on the state of the atmosphere today
(and in the recent past) and not on unpredictable changes in “boundary conditions”
such as how ocean temperatures or even society may change between today and
tomorrow. For decision makers, a prediction is a statement about an event that is
likely to occur no matter what they do [6].

Climate predictions are usually expressed in probabilistic terms (e.g., probability
of warmer or wetter than average conditions) for periods such as weeks, months, or
seasons. A prediction is a probabilistic statement of something that could happen in
the future based only on what is known today. Climate projections are long-range
predictions of the future climate based on changing atmospheric conditions, such as
increased or decreased pollutants due to emissions from the burning of fossil fuels
(coal, oil, gas) [7].

Forecasts are typically on weather time scales (daily and out 7-10 days). In cases of
extreme weather events such as hurricanes or tornados, the forecasts can be less than
hourly with frequent updates. Related to a prediction is a forecast, which I would
suggest is a best prediction made by a particular person or with a particular technique
or representation of current conditions. An example of a forecast is a statement by a
weather forecaster that it will rain at 3:30 PM tomorrow—that is, that individual’s best
judgment, perhaps drawn from a prediction that there is a 70 % chance of rain tomor-
row afternoon. For a decision maker, the credibility of the forecast depends critically
on the credibility of the forecaster (or forecasting technique) as well as on the inevi-
tability of the event. The recent development of “ensemble forecasts” (i.e., assembly
of a set of forecasts that are each based on a separate technique or set of initial condi-
tions) can be considered a step toward transforming forecasts into predictions.

Climate projections are generally decadal to centennial. In contrast to a prediction,
a projection specifically allows for significant changes in the set of “boundary
conditions” that might influence the prediction, creating “if this, then that” types of
statements. Thus, a projection is a probabilistic statement that it is possible that
something will happen in the future if certain conditions develop. The set of
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boundary conditions that is used in conjunction with making a projection is often
called a scenario, and each scenario is based on assumptions about how the future
will develop. For example, the IPCC recently projected a range of possible tempera-
ture changes that would likely occur for a range of plausible emissions scenarios
and a range of model-derived estimates of climate sensitivity (the temperature
change that would result from a CO, doubling). This is clearly a projection of
what could happen if certain assumed conditions prevailed in the future—it is nei-
ther a prediction nor a forecast of what will happen independent of future conditions.
For a decision maker, a projection is an indication of a possibility and normally of
one that could be influenced by the actions of the decision maker [6].

A scenario is a coherent, internally consistent, and plausible description of a pos-
sible future state of the world. It is not a forecast; rather, each scenario is one alterna-
tive image of how the future can unfold. A projection may serve as the raw material
for a scenario, but scenarios often require additional information (e.g., about base-
line conditions). A set of scenarios is often adopted to reflect, to the extent possible,
the range of uncertainty in projections. For instance, the Intergovernmental Panel on
Climate Change will run several scenarios with different boundary conditions such
as emissions and economic growth rates. Other terms that have been used as syn-
onyms for scenario are “characterization,” “storyline,” and “construction.”

Scenarios are best thought of as “plausible alternative futures—each an example
of what might happen under particular assumptions”; scenarios are not predictions or
forecasts because they depend on assumed changes in key boundary conditions (like
emissions) and scenarios are not fully projections of what is likely to happen because
they have considered only a limited set of possible future boundary conditions (e.g.,
emissions scenarios). For the decision maker, scenarios provide an indication of
possibilities, but not definitive probabilities. For instance, the Intergovernmental
Panel on Climate Change will run several scenarios with different boundary condi-
tions such as emissions and economic growth rates [8]. In a public health context, a
scenario may be an attempt to simulate a certain event or decision-making exercise,
which is very different from how scenario is used in the climate context.

How to Think About Climate Data: or When to Use What

Climate data are comprised of many different types, scales, and resolution of data,
derived from multiple sources (satellite or in situ) and made available through a
number of products and service modes.

Scale

Climate data can be global, regional, or local in scale and is comprised of oceanic,
atmospheric, and terrestrial data. Within that are mostly physical parameters such as
precipitation, temperature (atmospheric and oceanic), sea level, waves, and winds.
While collected separately, the data streams can be part of the same satellite or field
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collection effort. The different data streams are then combined to make climate data
products and models. Scale is largely dependent on the means by which the data are
collected (satellite or in situ observations), the area of coverage, and density of col-
lection sites for in situ observations or grid size for satellites.

Source

Data are collected or provided from multiple sources: satellite or space-based sen-
sors, airborned platforms, in situ, modeled, reanalyzed, and projections. Satellites
provide periodic but global coverage from polar orbital satellites or consistent cov-
erage over specific parts of the globe through geostationary satellites. Polar orbital
satellites provide total earth coverage but will measure the same place twice each
day at the same local time, every 12 hours, as part of their low earth orbit (approxi-
mately 500 miles altitude) moving from North Pole to South Pole. Because of their
lower altitude, polar orbital satellites can use microwave radiometers which allows
them to measure through clouds to sense precipitation, temperature in different lay-
ers of the atmosphere, and surface characteristics like ocean surface winds.
Geostationary satellites are fixed high above the equator (approximately 22,000
miles altitude) providing continuous coverage of the same area, but the resolution is
generally 1 km at best, and coverage is not global. In general, for climate and
weather purposes, the National Aeronautics and Space Administration (NASA)
launches research satellites mostly in polar orbital and in lower earth orbit. The
National Oceanic and Atmospheric Administration (NOAA) operates the satellites
needed for weather and climate predictions which include geostationary satellites.

In situ data are collected from ground, water-based, or airborne instruments and
sensors. Availability varies by country, both in temporal and spatial coverage, and
access. The quality varies according to the instrumentation and human skill in col-
lection and recording. Metadata may or may not be available, and upkeep, updates,
and archiving are problematic for many countries. In situ data are useful alone, can
be combined with other data into more comprehensive products, and can be used to
validate and enhance satellite data. The networks and instruments for in situ data
collection vary widely and include everything from permanent weather stations, to
tide gauges, to drifting buoys in the ocean and ships of convenience, to the atmo-
spheric radiation, temperature and carbon dioxide measurements at Mauna Loa
Observatory in Hawaii which has tracked CO2 since the 1950s.

Products

Data can also be processed into products such as sea surface temperature (SST),
SST anomalies (commonly depicted during El Nifio and La Nifia events), vegetation
indices, and sea ice (see http://www.realclimate.org/index.php/data-sources/ for
additional products). A suite of climate and weather forecast products can be found
at http://www.cpc.ncep.noaa.gov/products/forecasts/. One of the most well-known
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Table 2.1 Global Ocean Observing System (GOOS) in situ measurements

3,000 Argo floats collect high-quality temperature and salinity profiles from the upper 2,000 m
of the ice-free global ocean and currents from intermediate depths

1,250 drifting buoys record the currents of surface, the temperature, and the atmospheric pressure

350 embarked systems on commercial or cruising yachts which collect the temperature, salinity, the
oxygen and the carbon dioxide (CO,) in the ocean and the atmosphere, and the atmospheric pressure

100 research vessels measure all the physical, chemical, and biological parameters, between the
surface of the sea and the ocean floors every 30 nautical miles out of 25 transoceanic lines

200 marigraphs and holographs which transmit information in quasi real time, thus providing the
possibility of detecting tsunamis

50 commercial ships which launch probes measuring the temperature and salinity between the
surface and the ocean floor on their transoceanic ways

200 moorings in open sea which are used as long-term observatories, recording weather,
chemical, and biological parameters on a fixed site between the surface and the bottom

datasets is the Global Historical Climatology Network (GHCN) dataset, which is a
global, daily in situ dataset derived from multiple sources, approximately 25,000
temperature stations, 44,000 precipitation stations, and 25,000 snowfall or snow
depth stations, and currently ingests more than 1.6 billion daily observations with
the earliest value from January 2, 1833 and the latest value from yesterday.

The scientific community has established three global networks for terrestrial,
oceanographic, and climate data. The Global Ocean Observing System (GOOS) is
a permanent global system for observations, modeling, and analysis of marine and
ocean variables to support operational ocean services worldwide (Table 2.1). GOOS
is comprised of a network of ocean-based observations and satellite observations
and together with the Global Climate Observing System (GCOS), and the Global
Terrestrial Observing System (GTOS) comprise a global network of monitoring to
understand and predict climate, among other things.

Reanalysis

In order to create consistent and comparable global datasets, major efforts are made
by the climate community to create reanalysis datasets. These are weather models
which have the real-world observations assimilated into the solution to provide a
“best guess” of the evolution of weather over time (although pre-satellite era esti-
mates before 1979 are less accurate). The newest as of this writing is the NCEP/
NCAR reanalysis with 6-h, daily, and monthly data available [9].

Projections

Data are also generated through climate projections and scenarios. A climate pro-
jection is a model-derived estimate of the future and the pathway leading to it.
When the certainty around a projection is determined, with levels of certainty
assigned such as ‘most likely’, the projection can become a forecast or prediction.
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A forecast is often obtained using deterministic models, possibly a set of these, out-
puts of which can enable some level of confidence to be attached to projections.
General Circulation Models (GCMs) are numerical models that represent the physi-
cal processes in the atmosphere, ocean, cryosphere, and land surface are the most
advanced tools currently available for simulating the response of the global climate
system to increasing greenhouse gas concentrations. While simpler models have
also been used to provide globally or regionally averaged estimates of the climate
response, only GCMs, possibly in conjunction with nested regional models, have the
potential to provide geographically and physically consistent estimates of regional
climate change which are required in impact analysis; GCMs depict the climate
using a three-dimensional grid over the globe typically having a horizontal resolu-
tion of between 250 and 600 km, 10-20 vertical layers in the atmosphere, and some-
times as many as 30 layers in the oceans. Many physical processes and feedback
mechanisms such water vapor and warming, or clouds and radiation, occur at smaller
scales and cannot be properly modeled. Instead, their known properties must be
averaged over the larger scale in a technique known as parameterization, which are
sources of uncertainty in GCM-based simulations of future climate.

Assessing Climate Data Partners

NOAA not only houses much of the climate, weather, and ocean data for the United
States but also serves as the main repository for the World Meteorological Organization
and other international bodies. In the United States there is a three-tiered climate
services support program. The partners of this program include NOAA’s National
Climatic Data Center (NCDC—http://www.ncdc.noaa.gov/), six Regional Climate
Centers (RCCs—http://www.ncdc.noaa.gov/oa/climate/regionalclimatecenters.
html), and individual State Climate Offices (SCO—http://www.stateclimate.org/).
NCDC is the world’s largest active archive of weather data with over 150 years of in
situ, radar, and satellite data available for use in a wide variety of applications. The
RCCs are a federal-state cooperative effort that is managed by NCDC. The RCCs are
engaged in the timely production and delivery of useful climate data, information, and
knowledge for decision makers and other users at the local, state, and national level.
The RCCs support NOAA’s efforts to provide operational climate services while
leveraging improvements in technology and collaborations with partners to expand
quality data dissemination capabilities. State Climatologists have the best under-
standing of the climate of their state and the ability and knowledge to provide climate
data and information to local users. Additional NOAA climate partners include the
National Weather Service Climate Services Division (http://www.nws.noaa.gov/os/
csd/index.php), the Climate Prediction Center (http://www.cpc.ncep.noaa.gov/), the
Climate Diagnostics Center (http://cires.colorado.edu/science/centers/cdc/), the
Climate Program Office (http://www.climate.noaa.gov/), and six Regional Climate
Service Directors that are located at the NWS Regional Headquarters.

Some applications require data and information for areas outside of the United States.
While the agencies mentioned above focus primarily at the national, regional, and local
level, some do participate in international activities as well. For example, NCDC
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operates a World Data Center for Meteorology (http://www.ncdc.noaa.gov/oa/wdc/
index.php) and a World Data Center for Paleoclimatology. The World Data Centers are
part of a global network of discipline subcenters that facilitate international exchange of
scientific data. The World Meteorological Organization also maintains a list of member
National Meteorological or Hydrometeorological Services (http://www.wmo.int/pages/
members/members_en.html) in which users can go directly to the country of interest in
order to obtain weather and climate data and information for their application.

Global Observing Systems Information Center is a one-stop shop for the GOOS,
GCOS, and GTOS (http://gosic.org/goos).

Conclusion

In summary, climate data comes from multiple sources, can be observed data or
modeled, covers time scales from weeks, to decades to centuries, and can provide
a powerful tool for enhanced decision making. Researchers in this interdisciplin-
ary field must be well-versed enough to ask the right questions that lead them to
find and understand the right data, and which ultimately to provide scientifically
sound information to help people make the right decision. This requires active
recognition of the need to really understand the caveats and best uses of a particu-
lar dataset or product. In general, while some more widely used data and products
such as those developed for the Intergovernmental Panel on Climate Change may
have well-defined tutorials and use parameters, in general it is wiser to find the
owner or originator of the data and work with them to ensure appropriate use of
the data and therefore robust scientific findings that both inform decisions and
move this interdisciplinary field forward in both science and policy contexts.
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Chapter 3

Climate Change: Overview of Data Sources,
Observed and Predicted Temperature
Changes, and Impacts on Public

and Environmental Health

David H. Levinson and Christopher J. Fettig

Abstract This chapter addresses the societal and the environmental impacts of cli-
mate change related to increasing surface temperatures on air quality and forest
health. Increasing temperatures at and near the earth’s surface, due to both a warm-
ing climate and urban heat island effects, have been shown to increase ground-level
ozone concentrations in cities across the U.S. In terms of forest health, elevated
surface air temperatures and increased water stress are raising the possibility that
forests world-wide are increasingly responding to warming climate conditions,
which may lead to widespread tree mortality. The importance of climate datasets is
also addressed, specifically as it relates to understanding the observed and predicted
changes in surface temperatures at the global, regional and local scale.

Keywords Anthropogenic-induced changes * Forest health ¢« Change in surface
temperature ¢ Changing distribution of conifers * Phytophagous insects ¢ Climate-
induced forest mortality

Anthropogenic-induced changes to the earth’s climate are among the most complex
and difficult issues to be addressed by modern science and the scientific commu-
nity. Small changes in the concentrations of atmospheric gases, such as carbon dioxide
(CO,) and methane (CH,), have large impacts on society, ecosystems, and the
hydrologic cycle [1]. Given the magnitude of observed and potential impacts,
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numerous interagency and international efforts have been initiated over the past 3
decades to attempt to analyze every aspect of the earth’s climate and to address the
adaptation and mitigation options that have the potential to aid in addressing this
important challenge. The most well known of these efforts is the Intergovernmental
Panel on Climate Change (IPCC), formed by the United Nations in 1988 to help
address the scientific, economic, and policy aspects of global climate change.

In this chapter, several areas of research will be elucidated that address both the
societal and the environmental impacts of climate change. Specifically, these are the
impacts related to increasing surface temperatures on air quality and forest health.
The importance of quality climate datasets is also addressed as it relates to under-
standing the observed and predicted changes in surface temperatures at the global,
regional, and local scale.

Observations of Changes in Surface Temperature

Previous studies, including both international assessments and independently pub-
lished peer-reviewed articles, have demonstrated that surface temperatures have
increased globally by approximately 0.7 °C per century since 1900 and 0.16 °C per
decade since 1970 [2, 3] (Fig. 3.1). The slight differences in the estimates of annual
means, rankings, and trends in global surface temperatures are the result of differ-
ences in the methods used to construct each of the three primary independent datasets
that determine surface temperatures spatially across global ocean and land areas [4].
These three global datasets are those developed and maintained by NASA-GISS [5],
HadCRUT3 [6], and NOAA-NCDC [7]. Despite the observed differences that result
in variations in annual rankings of global surface temperature, each of these datasets
is in close agreement, and all three have identified 2010 as tied for the warmest year
or ranked as second warmest in the historical record since 1880 (Table 3.1).

Increased occurrences of public health and environmental impacts due to changes
in climate over the past several decades have been attributed to rising surface and
lower tropospheric temperatures, and these impacts include heat stress and increased
occurrence of heat waves, respiratory stress due to degraded air quality conditions,
impacts on food safety and water quality, increasing aeroallergens and pollen
sources, and the spread of vector-borne diseases [8]. However, in most cases the
impacts are primarily related to increasing extreme temperatures, specifically
increases in the daily maximum temperature, rising nocturnal temperature, or both
[3, 9, 10]. Figure 3.2 shows the global trend in the maximum and minimum tem-
perature, along with the diurnal temperature range (DTR) (Tyux—Tmin) Over the
period 1950-2004 [9]. The observed decrease in the DTR is primarily a result of
larger increases in the minimum temperature at land-based observing sites. Since
the heat-related mortality is correlated primarily by nocturnal temperatures, the
increases in minimum temperatures are of widespread concern [11-13].

For most applications related to analyzing regional or local public health and the
environmental impacts of climate change, it is important to use those data sources
that provide the highest quality information and rigorous quality assurance and
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Fig. 3.1 Observed trend in annual average surface air temperature (°C per century) over the period
1901-2005 using the NOAA-NCDC Global Blended Dataset [71] and adapted from Trenberth
et al. [2] (Fig. 3.9). Trends significant at the a=5 % level are indicated by white “plus” signs, and
grey areas have insufficient data to determine statistically reliable trends. Requirements for inclu-
sion were a minimum of 66 years needed to calculate a trend value and 10 valid monthly tempera-
ture anomaly values needed for inclusion of an individual year (adapted from Trenberth KE, Jones
PD, Ambenje P, Bojariu R, Easterling D, Klein Tank A, Parker D, Rahimzadeh F, Renwick JA,
Rusticucci M, Soden B, Zhai P (2007) Observations: Surface and Atmospheric Climate Change.
In: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon S, Qin D,
Manning M, Chen Z, Marquis M, Averyt KB, Tignor M, Miller HL (eds.)]. Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA, with permission)

Table 3.1 The observed differences in annual global temperature anomaly for 2010 and its rank
relative to the entire historical record since 1880 for the three primary datasets used to determine
global average temperatures

2010 Global anomaly relative Rank of 2010 to all years
to the 1961-1990 annual mean since 1880
HadCRUT3 0.50 °C Second warmest after 1998
NASA-GISS 0.56 °C Tied warmest with 2005
NOAA-NCDC 0.52 °C Tied warmest with 2005

From Sanchez-Lugo A, Kennedy JJ, Berrisford P (2011) Surface temperatures. In “State of the
Climate 2010,” Bull Amer Meteor Soc 92:6:S36-S37, with permission

quality control (QA/QC) methods. For surface temperature, that is the NOAA
Global Historical Climate Network (GHCN) dataset [14] and its subset the US
Historical Climate Network (USHCN) dataset. NOAA’s GHCN Monthly data (ver-
sions 2 and 3) can be accessed at http://www.ncdc.noaa.gov/ghcnm/, the routinely
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Fig. 3.2 Global annual anomalies of surface maximum (fop), minimum (middle), and diurnal
temperature range (DTR, bottom) in °C, over the period 1950-2004, with the thinner line the
annual values and the thicker line showing the smoothed, decadal variations. Anomalies were
determined relative to the 1961-1990 mean and averaged over the 71 % of land areas where data
were available during the period of record (adapted from Vose RS, Easterling DR, Gleason B
(2005) Maximum and minimum temperature trends for the globe: An update through 2004.
Geophys Res Lett 32:1.23822, with permission)

updated GHCN-Daily dataset can be found online at http://www.ncdc.noaa.gov/oa/
climate/ghcn-daily/, and the USHCN dataset is available at http://cdiac.ornl.gov/
epubs/ndp/ushcn/ushen.html. These high-quality, integrated climate datasets pro-
vide the researcher the requisite information regarding the construction, mainte-
nance, and historical provenance of data sources that are needed for reliable analysis
of observed changes in temperatures at the global, regional, or local scale. To illus-
trate the variability of climate changes related to surface temperature, Fig. 3.1 shows
the spatial variation in surface temperature trends covering the period from 1901 to
2005; the vast majority of the earth’s surface has warmed since the start of the twen-
tieth century, with the largest increases observed at continental mid- to high-latitudes
in the Northern Hemisphere. Only a few areas have shown a decreasing trend in
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surface temperatures, and the vast majority of the surface temperature trends (both
positive and negative) are statistically significant at the 95 % confidence level.

Predictions of Changes in Surface Temperature

Despite the well-documented uncertainty in the simulations of future climate condi-
tions, associated with different emissions scenarios [15], it is clear that global tem-
peratures will continue to rise due to the increasing radiative effects of greenhouse
gases, primarily a result of increases in CO, but also increases in other greenhouse
gases such as methane (CH,), nitrous oxide (N,O), and halocarbons. Based on simu-
lations realized from multiple ensembles of global circulation models (GCMs),
surface temperatures are predicted to continue to rise over the remainder of the
twenty-first century. Predictions from the most recent IPCC report (AR4) include the
following statement regarding the magnitude of the change expected: “Continued
greenhouse gas emissions at or above current rates will cause further warming, and
induce many changes in the global climate system during the twenty-first century that
would very likely be larger than those observed during the twentieth century” [15].

In terms of the impacts of these warming temperatures, predicted increases in
global temperatures due to a warming climate in the twenty-first century will result
in an increase in heat waves, often measured as the number of days that maximum
temperatures exceed 100 °F (37.78 °C), which are predicted to increase signifi-
cantly for the USA. Figure 3.3 shows the occurrence of days exceeding 100 °F over
the USA during a recent period in the past (1961-1979), compared with two differ-
ent scenarios for the end of the twenty-first century based on a low and a high emis-
sions scenario. In both cases, the number of days that are predicted to exceed 100 °F
will increase, but as expected the increase is more dramatic with the higher emis-
sions scenario. In both scenarios, large areas of the continental USA will experience
a dramatic increase in heat waves (Fig. 3.3).

The rise in extreme temperatures and their potential impacts are of growing
concern, given that the increasing temperatures across the USA are expected to
accelerate between the middle (by 2050, using a 2041-2059 average) and the end of
the twenty-first century (by 2090, using a 2081-2099 average) (Fig. 3.4). As shown
in Fig. 3.5, the precise rise in temperature will depend largely on the eventual
increase in greenhouse gas concentrations, which will depend on the future path of
global emissions of CO,, CH,, and other greenhouse gases. Lower emissions will
result in a smaller rise in surface temperatures, while larger increases in emissions
of greenhouse gases will lead to more significant rises in surface temperatures.
Either way, it is imperative to improve the scientific understanding of the observed
and potential impacts of climate change, given the widespread potential for signifi-
cant impacts to society and the environment. To address this issue, the following
sections present the observed and potential future impacts on air quality and forest
health, two areas of extensive research over the past several decades.
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Fig. 3.3 Projected changes of the US (including Alaska and Hawaii, inset) surface air temperature
(in °F) relative to the 1961-1979 base period for two different emissions scenarios: higher (top)
and lower (bottom). Emissions scenarios are based on projections of future temperature by 16 of
the Coupled Model Intercomparison Project Three (CMIP3) climate models using two emissions
scenarios from the IPCC Special Report on Emissions Scenarios (Naki¢enovi¢ N, Swart R (eds.)
(2000) Special Report on Emissions Scenarios. A special report of Working Group III of the
Intergovernmental Panel on Climate Change (IPCC), Cambridge University Press, Cambridge,
UK, and New York, NY, USA (http://www.grida.no/publications/other/ipcc_sr/?src=/climate/ipcc/
emission/)). The “lower” scenario is B1, while the “higher” is the A2 scenario. The brackets on the
thermometers represent the likely range of model projections, though lower or higher outcomes are
possible (adapted from Karl TR, Melillo JM, Peterson TC (2009) Global Climate Change Impacts
in the United States, (eds.) Cambridge University Press, with permission)

Climate Change and Air Quality

Climate and weather conditions directly impact air pollutants, specifically their
formation, transport, dispersion, and deposition (both wet and dry). Stagnant
weather patterns (i.e., light winds due to the influence of surface high-pressure
systems and boundary layer inversions) are conducive to the trapping and produc-
tion of certain atmospheric pollutants that may lead to elevated concentrations of
some pollutants, especially ozone (Os) and particulate matter (PM). Increasing tem-
peratures, due to both a warming climate and urban heat island (UHI) effects, have


http://www.grida.no/publications/other/ipcc_sr/?src=/climate/ipcc/emission/
http://www.grida.no/publications/other/ipcc_sr/?src=/climate/ipcc/emission/

3 Climate Change: Overview of Data Sources, Observed and Predicted Temperature... 37

<10 20 30 45 60 75 90 105 120 120+

Fig. 3.4 Observed and projected increase in the annual number of days with temperature over
100 °F. The recent past 1961-1979 (top) shows significantly less days exceeding 100 °F when
compared to the end-of-century (2080-2099) period under both the lower and the higher IPCC
emissions scenarios (adapted from Karl TR, Melillo JM, Peterson TC (2009) Global Climate
Change Impacts in the United States, (eds.) Cambridge University Press, with permission)



38 D.H. Levinson and C.J. Fettig

240 :
§ 210 3. : E-—
= 1 |Atlanta, GA| : :
o 180 -~ e Seeeeean .
[ = % .
5 :
I
o
=
'm
]
E
=2
E
>
[
=
=
[= N
=
@
=
S
N
o
=
‘B
[a]
E
=
E
=
©
=

32 50 59 68 77 86 95 104 NAST??
Maximum Temperature (°F)

Fig. 3.5 Observed relationship between daily maximum ground-level ozone concentration (in
parts per billion, ppb) and maximum surface temperature (°F) based on measurements from (fop)
Atlanta, GA, and (bottom) New York, NY. Data are for the warm season (May to October) covering
the period 1988-1990 at each location. The projected higher temperatures across the USA in the
twenty-first century are likely to increase the occurrence of high ozone concentrations, although
this will also depend on emissions of ozone precursors and meteorological factors that can enhance
or suppress ozone formation in the lower troposphere (http://www.usgerp.gov/usgerp/Library/
nationalassessment/)

been shown to increase concentrations of ground-level ozone [16], since it is both
naturally occurring and a secondary pollutant formed through photochemical reac-
tions of sunlight (solar radiation) with nitrogen oxides (N,O) and volatile organic
compounds (VOCs). Previous studies have clearly identified that ozone formation is
positively correlated with temperature, but formation is primarily related to incom-
ing shortwave solar radiation, since concentrations are typically highest during the
summer months. However, concentrations are not seasonally dependent in all cities
with above normal concentrations of ozone, as exceptions have been noted [17].
To illustrate the relationship between ground-level ozone concentrations and
surface temperatures, Fig. 3.6 shows data from New York, New York, and Atlanta,
Georgia. In terms of the overall relationship, measurements from both cities show
that most high ozone level days occur when maximum daily temperatures (7.x)
are higher and concentrations systematically decrease with lower temperatures.
Both cities have the potential for high concentrations, but the data show that the
potential for extremely high ozone concentrations (above 200 ppb) is greater in
New York, where ground-level concentrations reached 220 ppb when T, was only
85 °F (29.5 °C). Therefore, the variability of observed daily peak ground-level O;
concentrations is higher in New York, but the potential for higher concentrations
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Fig. 3.6 Projected changes in ground-level ozone for the 2090s, averaged over the summer
months (June—August) and relative to 19962000 under lower and higher emissions scenarios. The
scenarios include both greenhouse gases and other emissions that lead to ozone formation, some
of which decrease under the lower emissions scenario. By themselves, higher temperatures and
other projected climate changes would increase ozone levels under both scenarios. However, future
projections of ozone depend heavily on emissions, with the higher emissions scenario increasing
ozone by large amounts, while the lower emissions scenario results in an overall decrease in
ground-level ozone by the end of the century (adapted from Karl TR, Melillo JM, Peterson TC
(2009) Global Climate Change Impacts in the United States, (eds.) Cambridge University Press,
with permission)

at lower temperatures is more likely in Atlanta. Similar relationships have been
found for Los Angeles, California, Phoenix, Arizona, and other cities with well-
documented ground-level ozone concentration issues.

The impact of climate change has also been observed on aeroallergens and their
sources, as the observed warming has caused an earlier onset of pollens in the spring
in the Northern Hemisphere [18-20]. This is due to both the earlier initiation of
pollen production in spring and also the introduction and spread of invasive plant
species with highly allergenic pollen, such as ragweed (Ambrosia artemisiifolia),
which is spreading in several areas of the world [21-24]. Laboratory studies have
confirmed that increasing CO, concentrations and surface temperatures increase the
production of ragweed pollen and lengthen the pollen season [25-29]. Therefore,
the issue of increased length of the pollen season and the production of pollen from
a variety of sources is expected to increase concentrations of aeroallergens in the
twenty-first century as the climate continues to warm [8].

Climate Change and Forest Health

Forests cover ~42 million km? (~30 %) of the earth’s surface and are found in all
regions at elevations and latitudes capable of sustaining tree growth, except where
disturbances, whether natural or human-induced, are too frequent and/or too severe
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to enable establishment. Forests provide immeasurable ecological, economic, and
social goods and services to both natural systems and humankind. These include,
among others, purification of the air that we breathe; regulation of edaphic formation
and control of runoff and soil erosion; provision of fish and wildlife habitat; provi-
sion of food, medicine, shelter, and water; provision of wood and other forest
products; provision of aesthetics, outdoor recreation, and spiritual renewal; and
regulation of climate through carbon storage and complex physical, chemical, and
biological processes that affect planetary energetics [30]. In short, forests represent
one of the earth’s most important ecosystems and are critical to the health, welfare,
and survival of human societies.

Large amounts of CO, are released when forests are burned, defoliated, or defor-
ested and converted to structures that have relatively small carbon pools. In these
cases, forests that were once carbon sinks may become carbon sources [31-33].
Alternatively, healthy forests have the potential to assimilate, accumulate, and
sequester large amounts of carbon from the atmosphere, thus reducing one of the
primary drivers of climate change. We use “forest health” in the context of ecosystems
functioning within their natural range of historic variability. The effects of climate
change on forest health include both positive (e.g., increased growth through
elevated water use efficiency and longer growing seasons) and negative impacts
(e.g., increased frequency and severity of disturbances). Forest disturbances (storms,
wildfire, herbivory, etc.) are relatively discrete events that affect the structure,
composition, and function of forest ecosystems through alterations of the physical
environment [34]. They release growing space, alter nutrient cycling, and affect
other key processes essential to the proper functioning of ecosystems [35].

Schelhass et al. [36] provided a quantitative overview of the role of natural
disturbances in European forests, which they suggested was useful as a basis for
modeling the future impacts of climate change by establishing a baseline. They
reported storms were responsible for 53 % of the net volume affected over a 40-year
period, while biotic factors (e.g., bark beetle outbreaks) contributed 16 %. In the
intensively managed forests of Europe and elsewhere (e.g., portions of the USA),
natural disturbance cycles have been altered by active management aimed at reduc-
ing forest susceptibility to certain types of disturbances. In some cases, human
interference in these natural disturbance cycles has later exacerbated their effects.
For example, dry forests in portions of the western USA were once dominated by
open and parklike stands of widely dispersed trees prior to Euro-American
settlement. Frequent thinning of small-diameter and fire-intolerant tree species
by low-intensity surface fires and competitive exclusion of tree seedlings by under-
story grasses are believed to have maintained such conditions. Many of these forests
are now denser, have more small trees and fewer large trees, and are dominated by
more shade-tolerant and fire-intolerant tree species, primarily as a result of fire
suppression activities and harvesting practices implemented in the twentieth century.
These changes have led to heavy accumulations of forest fuels [37] that feed severe
wildfires when natural- or human-induced ignitions occur. Today, thinning and
prescribed fire are commonly used to increase the resiliency of forests to wild-
fires (Fig. 3.7), which is important given increased wildfire activity is expected as a
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Fig. 3.7 Current conditions of many seasonally dry forests in the western USA, especially those
that once experienced low-to-moderate intensity fire regimes, leave them uncharacteristically sus-
ceptible to high-severity wildfire. Creating more fire-resilient stands generally requires treatment
of surface and ladder fuels, reductions in crown density, and maintenance of large-diameter trees.
A combination of thinning and prescribed burning is commonly used and highly effective when
applied within prescription. Most evidence suggests that these treatments are typically accom-
plished with few unintended consequences as most ecosystem components (e.g., carbon seques-
tration, soils, wildlife) exhibit very subtle impacts or no measurable impacts. Since increased
wildfire activity is expected as a result of climate change and desired treatment effects are tran-
sient, forest managers need to be persistent and repeat the application of fuel reduction treatments
over time (photo credits: left, C.J. Fettig, and right, S.R. McKelvey, USFS Pacific Southwest
Research Station)

consequence of climate change. In particular, a combination of thinning and prescribed
fire has been shown to be highly effective for reducing the severity of wildfires [38]
and will increase the resiliency of forests to other disturbances imposed on them by
climate change [39].

Climate has always shaped the world’s forests [40] and minor climatic shifts may
have significant effects on community compositions [41]. Even under conservative
scenarios, future climatic changes are likely to include further increases in tempera-
ture with significant drying in some regions and increases in the frequency and
severity of extreme weather events [42]. These changes are predicted to further
increase the frequency and severity of many other disturbances that shape forest
ecosystems. A recent global assessment of forest health reported 88 unique epi-
sodes of tree mortality over the last 30 years [43]. Since then, several additional
episodes have been identified [44]. The common implicated causal factor in these
examples is elevated temperatures and/or water stress, raising the possibility that the
world’s forests are increasingly responding to ongoing warming and drying attrib-
uted to climate change [43]. While these episodes are well documented, the under-
lying causes are complex and uncertain and likely involve numerous predisposing,
inciting, and contributing factors [45]. Reports of climate-induced forest mortality
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are now common in both the popular press and scientific journals but are by no
means a new phenomenon [43].

Across North America, temperature increases are projected to exceed global
mean increases and more frequent extreme weather events are expected [42].
Associated changes in precipitation patterns may result in earlier and longer dry
seasons across the western USA, with a greater frequency and duration of drought
[46]. It is thought that these changes will significantly affect the condition, compo-
sition, distribution, and productivity of multiple ecosystems [47]. Since tempera-
ture increases are expected to be greatest at higher elevations and latitudes, conifers
(the predominate vegetation of forests in these areas) are expected to be signifi-
cantly affected.

The current distribution of coniferous vegetation across western North America
resulted from climatic shifts dating back millions of years [48], in addition to more
recent recolonization of deglaciated lands [49]. These historical patterns perhaps
foreshadow changes to current coniferous vegetation as climate change accelerates.
For example, based on the best existing data for 130 tree species in North America
and associated climate information, McKenney et al. [50] predicted that on average
the geographic range for a given tree species will decrease by 12 % and shift north-
ward 700 km during the twenty-first century. Under a scenario where survival only
occurs in areas where anticipated climatic conditions overlap with current climatic
conditions, niches for tree survival decrease by 58 % and shift northward 330 km.
In terms of tree species, there will be winners (e.g., ponderosa pine) and losers (e.g.,
Engelmann spruce, Picea engelmannii) [51]. By the end of the twenty-first century,
others predict that ~48 % of the western USA landscape will experience climate
profiles with no contemporary analog for the current coniferous vegetation [51].
The fate of any tree species will depend on genetic variation, phenotypic variation,
fecundity and dispersal mechanisms, and their resilience to a multitude of distur-
bances. We consider three major disturbances (i.e., phytophagous insects, forest
pathogens, and wildfire) that will serve as catalysts for much of this change.

Phytophagous insects are major components of forest ecosystems, representing
most of the biological diversity and affecting virtually all forest processes and uses.
Insects influence forest ecosystem structure and function by regulating certain
aspects of primary production, nutrient cycling, ecological succession, and the size,
distribution, and abundance of forest trees [52—54]. Elevated insect activity reduces
tree growth and hastens decline, mortality, and subsequent replacement by other
tree species and plant associations. Such effects are often amplified by other natural
disturbances. The nature and extent of impacts are dependent upon the resource of
concern, type of insect activity, size and distribution of the insect population, and
metric used for evaluation [55]. Climate change is generally thought to increase
levels of tree mortality attributed to insects, for example, bark beetles [56] and defo-
liators [57], but there are exceptions to this trend, for example, larch budworm
(Zeiraphera diniana) [58].

In specific, bark beetles are commonly recognized as a primary disturbance
agent in coniferous forests. Of the hundreds of native species in western North
America, few species (<1 %) attack and reproduce in live trees. Frequently referred
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to as “aggressive” bark beetles, these species can kill healthy trees and have the
capacity to cause landscape-scale tree mortality. The last decade has seen elevated
levels of tree mortality attributed to bark beetle outbreaks in spruce forests of south-
central Alaska and the Rocky Mountains, lodgepole pine (P. contorta) forests of
western Canada and the Rocky Mountains, pinyon-juniper woodlands of the south-
western USA, and ponderosa pine forests of Arizona, California, and South Dakota
[59]. Because bark beetles, like many insects, are highly sensitive to thermal condi-
tions conducive to population survival and growth, and water stress can influence
host tree vigor, outbreaks have been correlated with shifts in temperature [60] and
precipitation [61]. The life histories and ecological roles of the majority of bark
beetle associates are not well understood, hampering full comprehension of the con-
sequences of climate change on bark beetle population dynamics. However, Bentz
et al. [56] predicted increases in thermal regimes conducive to population success
for two economically important species, spruce beetle (Dendroctonus rufipennis)
and mountain pine beetle (D. ponderosae), although there was considerable spatial
and temporal variability in their predictions. These suggested a northward and
upward in elevation movement of temperature suitability and identification of
regions with a high potential for bark beetle outbreaks and associated levels of tree
mortality in the twenty-first century. Evangelista et al. [62] predicted that suitable
habitats for the mountain pine beetle and pine engraver (Ips pini) will stabilize or
decrease under future climate conditions, while habitats for the western pine beetle
(D. brevicomis) will increase (Fig. 3.8). Their work represents an estimate of poten-
tial distribution and not specific impacts to forest health.

As with phytophagous insects, outbreaks of forest diseases caused by native and
introduced forest pathogens are generally predicted to become more frequent and
severe as a result of climate change [63]. However, diseases caused by pathogens
directly affected by climate (e.g., needle blights) are predicted to have a reduced
impact under warmer and drier conditions. These groups of pathogens may cause
disease in healthy hosts if the pathogen’s environmental requirements are met, many
of which require moist conditions [64]. Forest diseases caused by pathogens indi-
rectly affected by climate (e.g., root diseases) are generally predicted to have an
increased impact [63]. While the ability of these pathogens to spread and infect new
hosts is affected by moisture, factors associated with climate change that stress their
hosts are generally considered to be more important to host invasion. Models fre-
quently predict a reduction in the potential geographic distribution of forest diseases
as a result of climate change [63, 65].

Increased wildfire activity is also expected as a result of climate change. In the
western USA, increases in wildfire frequency have been well documented since the
mid-1980s and concentrated between 1680 and 2590 m in elevation [66]. Wildfires
at these elevations have been episodic, occurring during warm years and strongly
associated with changes in spring snowmelt timing, which in turn is sensitive to
changes in temperature [66] and precipitation. As a result, concerns regarding air
quality (as discussed earlier), human safety, and protection of critical infrastructure
are important, especially in the wild land urban interface where the presence of
housing developments increases the cost and complexity of implementing fuel
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Fig. 3.8 The western pine beetle (Dendroctonus brevicomis) is a primary disturbance agent in
ponderosa pine (Pinus ponderosa) forests. Unlike many other bark beetles, western pine beetle is
unique in that it has a very narrow host range. The only other common host is Coulter pine
(P. coulteri), a species indigenous to the mountains of southern California, USA, and northern
Baja California, Mexico. In the early 2000s, the mountain ranges of southern California started to
experience elevated levels of tree mortality. Most experts attributed this mortality to drought (i.e.,
precipitation was the lowest in recorded history during 2001-2002) and elevated populations of
bark beetles, specifically western pine beetle. Mortality was dispersed across >259,000 ha by 2004
and concentrated in several tree species, most notably ponderosa and Coulter pines. Significant
mortality occurred in other plant associations as well. The resultant western pine beetle outbreak
that occurred during 2001-2004 is considered by many experts to be the largest in recorded history
for this species of bark beetle. In some areas, tree mortality was >80 %. Climate change is gener-
ally thought to increase levels of tree mortality attributed to insects. Western pine beetle is unique
in that the range of its primary host is expected to increase as a result of climate change. The spe-
cies is likely to become a more important disturbance agent in the future (photo credits: C.J. Fettig,
USFS Pacific Southwest Research Station)

reduction treatments to reduce fire risk (Fig. 3.7). Increases in wildfire activity are
likely to magnify other threats to forest health. While in many cases it is recognized
that bark beetle outbreaks and wildfire will serve as the catalyst for much of the
ecological change to be associated with climate change in coniferous forests, few
studies have thoroughly examined the interactions between these disturbances until
recently [67]. There is evidence that bark beetle outbreaks and associated levels of
tree mortality affect subsequent fire risk and severity in some forest types.

Rapid and broad-scale tree mortality events can have long-term impacts to both
forest health [43] and human health [68] with feedbacks that further influence cli-
mate and land use [33, 69]. Complex interactions must be considered at numerous
scales (e.g., from tree to forest to global scales) and on various aspects of the life
histories of the numerous species that comprise these ecosystems. For example, the
recent loss of whitebark pine (P. albicaulis) stands due to mountain pine beetle
underscores the need for a greater understanding of climate change effects on com-
plex interactions important to ecosystem resiliency and stability (Fig. 3.9).
Characterizing thresholds for systems beyond which such changes are irreversible
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Fig. 3.9 In western North America, recent outbreaks of mountain pine beetle (Dendroctonus
ponderosae) have been severe, long lasting, and well documented. Since 2001, >25 million ha of
lodgepole pine (Pinus contorta) forest have been impacted. The species ranges throughout British
Columbia and Alberta, Canada, most of the western USA, into northern Mexico, and colonizes
several pine species, most notably, lodgepole pine, ponderosa pine (Pinus ponderosa), sugar pine
(P. lambertiana), limber pine (P. flexilis), western white pine (P. monticola), and whitebark pine
(P. albicaulis). Episodic outbreaks are a common occurrence, but the magnitude of recent
outbreaks have exceeded the range of historic variability and have occurred in areas where moun-
tain pine beetle outbreaks were once rare and of limited scale (e.g., whitebark pine forests) or
previously unrecorded (e.g., jack pine forests (P. banksiana) in Canada). Several scientists specu-
late that under continued warming the loss of whitebark pine, and the unique ecological services
that this species provides, is imminent in many areas. The US Fish and Wildlife Service announced
in 2011 that it determined whitebark pine warranted protection under the Endangered Species Act
but that adding the species to the Federal List of Endangered and Threatened Wildlife and Plants
was precluded by the need to address other listing actions of higher priority (photo credits: left,
C.J. Fettig, and right, C.J. Hayes, USFS Pacific Southwest Research Station)

is important. There are tools available to restore forest health and to increase the
resiliency of forests to disturbances [39, 54]. Resource managers can intervene and
mitigate some of the effects of climate change [70]. Uncertainty is inherent, but it is
clear that healthy forests have a vital role to play in combating climate change.
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Chapter 4
Eyewitness to Global Warming

Will Steger and Nicole Rom

Abstract The United Nations Framework Convention on Climate Change
(UNFCCQ) is an international environmental treaty that was agreed upon in 1992 at
the United Nations Conference on Environment and Development, known as the
“Earth Summit,” in Rio de Janeiro, Brazil. The Parties to this treaty (i.e., the coun-
tries that have formally endorsed it) have been holding annual meetings since 1995.
There are now 194 Parties that have formally endorsed the UNFCCC—which is
nearly all of the world’s 203 sovereign states. Although the UNFCCC is technically
considered a “treaty,” it’s most accurate to think of it as an “agreement to agree” to
take action steps that prevent the worst impacts of climate change. Nothing in the
UNFCCC itself requires countries to take such action steps. That’s why there have
been 17 UNFCCC conferences since 1995: the world still has a lot to do before it
will have a global agreement that stands a chance of dealing adequately with the
threat of climate change.
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Global warming is a reality. It threatens both our society and life as we know it on
earth. The overwhelming consensus of the scientific community for the past 2
decades has been that the planetary warming we are now experiencing, and the
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Fig. 4.1 1986 North Pole Expedition team uses sheets of ice as a raft to cross open leads (© Will
Steger)

resulting climate change is largely a human-induced phenomenon. Global warming
is brought on mainly by the release of carbon dioxide through the burning of fossil
fuels, which blankets our atmosphere raising the earth’s surface temperature.

The amount of carbon dioxide that is in the atmosphere today is the minimum
level we’re going to have to live with for the indefinite future. Once carbon dioxide
is in the stratosphere above us, it will stay there for hundreds and hundreds of years.
It’s as though you gained the most weight in your life, and knew you’d never weigh
even a single pound less, ever. Carbon dioxide does eventually get pulled back out
of the atmosphere by natural processes, but that happens very slowly. Climate sci-
entists like to compare the atmosphere to a bathtub half-full of water, with a very
slow drain and a slowly trickling faucet. If the drain and the trickle are balanced, the
water level never changes—just as the trickle of natural carbon dioxide into the
atmosphere and the drainage into trees, carbonate rocks and other places have been
in balance for at least 2,000 years, and probably more. Atmospheric carbon dioxide
hovered at around 270-290 ppm that whole time, and the climate stayed more or
less stable. Carbon dioxide levels in the Arctic have now reached 400 ppm and cli-
mate scientists consider 350 ppm to be the safe level to avoid catastrophic changes.

I am probably most known for my major expeditions. In 1986, I led the first
confirmed unsupported dogsled trip to the North Pole (Fig. 4.1). With seven team-
mates and 49 dogs, I traveled 500 miles in 56 days. In 1989-1990, together with five
other men from six countries, we crossed Antarctica— 3,741 miles, farther than
from New York to Los Angeles (Figs. 4.2 and 4.3). In a series of expeditions in the
mid-1990s, I crossed the Arctic Ocean from Russia to Canada’s Ellesmere Island on
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Fig. 4.2 Crossing Antarctica involved dogsledding over dangerous crevasses. 1989-1990
International Trans-Antarctica Expedition (© Will Steger)

Fig. 4.3 Lunch is no picnic in Antarctica: windblown snow pelts the men’s faces, coating beards
and eyelashes with ice crystals and denying them even the modest comfort of rest. 1989-1990
International Trans-Antarctica Expedition (© Will Steger)
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some of the most dynamic and moving surfaces on Earth. I returned to the Canadian
Arctic in 2004, 2007, and 2008 with a new focus. I was no longer setting out to
break a record on my expeditions. I wanted to draw worldwide attention to the
biggest threat of our time—global warming—and its impacts on the Arctic regions.

Between 1990 and 2007, dramatic changes happened in my remote home. To
survive in these regions, I have become intimately familiar with their vast lands,
wildlife, and climates. My expeditions have given me firsthand observations about
how the Earth’s surface has changed, including vanishing glaciers, shattered ice
shelves, melting permafrost, and displaced communities of people and animals. The
resulting changes from global warming deeply affect me in a way neither a scientific
study nor a satellite image could. Every ice shelf I have crossed has disintegrated
into the ocean as a result of global warming.

When my expedition team first flew over Antarctica’s Weddell Sea, near the
Antarctic Peninsula, I reached for my cassette recorder: “July 26th 1989: And it’s
Antarctica that we are looking at that is going to be the main player in the destiny of
the human race. It’s this snow and ice here. If the atmosphere warms up, this ice
right in this area is going to break off into the ocean.” At the time however, it didn’t
seem possible that an ice mass this large could actually break up. It seemed that the
Larsen, a long ice shelf jutting into the Weddell Sea, was as permanent as the
Antarctic continent itself. But on March 2nd 2002, I was thumbing through
the Minneapolis-based Star Tribune newspaper and on page nine in bold print was
the caption “Larsen B Ice Shelf Disintegrates.” It seemed at first this was science
fiction, and it took days before I could grasp the extent of this global environmental
catastrophe. There is no way to comprehend the massiveness of the disintegration of
the Larsen ice shelf unless you ski and walk every step of the way. It took us 31
days, from July 27th to August 26th to cross the full length of this ice shelf. Every
day, camp after camp, through storm, whiteouts and clear weather, we skied and
pushed our sleds. We became intimately familiar with the ice shelf that treated us
for the most part with safe surface conditions.

While crossing the Larsen, the ice shelf felt very stable to my team. Scientists at
Queen’s University estimate the shelf could have been stable for as long as 12,000
years—that many years ago there were still mastodons, mammoths, and saber-
toothed cats roaming the earth. Over the course of 1 month in 2002, however, a
chunk of ice, the size of the New England state of Rhode Island, broke free from the
Larsen B ice shelf. The speed of the collapse surprised even the scientists who were
monitoring the shelf. Scientists link the collapse with global warming.

As of 2010, both the Larsen A and B ice shelves have disintegrated, along with
the Wilkins ice shelf. Scientists are watching the continent closely, paying particular
attention to melting, calving, and complete disintegration of the Larsen C, the Ross
(about the size of France), and Ronne (about the size of Spain) ice shelves.

After Antarctica, Greenland’s ice cap contains the second largest mass of frozen
fresh water in the world. At 7,000 ft in July 2008, my kite-ski expedition team came
across something very unusual on Greenland: running water. Every year in the
summer on the coast of the ice cap, the temperature warms enough to melt out systems
of rivers and lakes. Since 1992, the thawing levels during the summer season on
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Greenland have increased in elevation. Data from NASA’s Gravity Recovery and
Climate Experiment show Greenland lost 150-250 cubic kilometers (36—-60 cubic
miles) of ice per year between 2002 and 2006. In 2008, when we literally ran into
running water, we were at 7,000 ft, the highest point on Greenland I'd ever thought
I would see rivers of water.

Unlike Antarctica, which sits at the bottom, the Arctic sits at the top of the world.
Although they are both very cold and covered with ice, they are very different.
Antarctica is a large continent covered with a sheet of ice two miles thick. The Arctic
is an ocean two miles deep, surrounded by the land of eight nations. The Arctic
Ocean is covered with a layer of ice 8—12 ft thick. It is like a bucket of water with a
thin layer of dust on the surface —the bucket represents the Arctic Ocean, the layer
of dust, the ice. In the spring and summer the ice breaks up and the ice is in constant
motion, moved by wind currents and the ocean’s movements.

Sea ice is frozen seawater that floats on the ocean surface. Blanketing millions of
square kilometers, sea ice forms and melts with the polar seasons, affecting both
humans and wildlife. In the Arctic, some sea ice persists year after year, whereas
almost all Southern Ocean or Antarctic sea ice is “seasonal ice,” meaning it melts
away and reforms annually. Sea ice in the Arctic plays a unique role in regulating
the Earth’s climate because of its role in regulating global temperature.

Following my successful Antarctica expedition, I knew that I wanted to continue
to bring the Polar Regions into classrooms around the world. Computers were
beginning to enter into the classroom environment so now my expeditions had new
relevancy —I could bring the stories from the trail into schools. I began organizing
an expedition that would cross the top of the world—leaving from Russia’s Siberia,
going over the North Pole, and finishing at Canada’s Ellesmere Island. Along the
way, we learned to be prepared for the unexpected. The biggest shock on that
particular expedition was the large amounts of open water.

We had just left the North Pole a few days after Earth Day in 1995 when I noticed
the ice beneath our skis was dark, almost black (Fig. 4.4). This is a sign of thin ice.
Just ahead of me, it was too late for the sled and ten dogs that had broken through
the ice and tipped onto its side, half in the water, half on thin ice. It took several
hours to get the sled back on sturdier ice. Over the course of the expedition, we had
to review our route, which changed daily because of varying ice conditions and
shifting ice. It became clear that this expedition was behind schedule; not because
of poor planning, but because of an unusual year in the Arctic. We had no idea at the
time this would be the new normal for the Arctic. There was a lot of snow, and while
the weather was cold, it was already seeing warmer than normal temperatures for
the region, which means ice is thinner and there is more open water.

Water can soak up a lot of heat. When the oceans get warmer, sea ice begins to
melt in the Arctic and around Greenland. NASA’s Earth satellites show us that every
summer some Arctic ice melts and shrinks, getting smallest by September. Then,
when winter comes, the ice grows again. But, since 1979, the September ice has
been getting smaller and smaller and thinner and thinner.

As aresult of this change, the Arctic Ocean is also turning from a once-reflective
surface to an absorptive surface. Traditionally, the Arctic Ocean’s layer of thick ice
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Fig. 4.4 On the twenty-fifth Anniversary of Earth Day, the 1995 International Arctic Project
expedition team reaches the North Pole (© Gordon Wiltsie)

has reflected 90 % of the sun’s energy (the same amount of energy that hits the tropical
regions near the equator) back into space, helping to keep the planet cool. Now that
the ice is smaller and thinner, it melts more ice, creating a positive feedback loop,
and at the same time, revealing darker ocean surfaces, which absorbs the once
reflected energy into the ocean, melting even more ice.

On a large scale, what we are witnessing around the world are feedback loops
that spur large and rapid changes to our environment. The Arctic sea ice is a great
example of those changes. The Arctic sea ice has lost half of its thickness and area
in the last 2 decades. Its once-reflective surface is now exposing the darker ocean
surfaces; because darker surfaces absorb more light and energy than lighter
surfaces, warmth is accelerated and leads to more melting of ice. As a result, with-
out any additional greenhouse gases, the Arctic will soon be ice-free during the
summer. If the summer sea ice disappears, animals like the polar bear and walrus
will face probable extinction.

On two different expeditions to Canada’s Baffin Island, home of the Inuit, we set
out to document how climate change was affecting the region, to meet with Inuit
elders and students, to explore traditional ecological knowledge in the remote
communities visited on the trail, and to put a human face and cultural voice on this
complex issue.

Nowhere on earth is the climate changing more rapidly or more dramatically
than in the Arctic’s Baffin Island. My 2007 Global Warming 101 Expedition team
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Fig. 4.5 Global Warming 101 Expedition dogsledding across Clyde fjord on Baffin Island,
Nunavut (© 2007 Will Steger Foundation, Elizabeth Andre)

witnessed firsthand some impacts of global warming as we traveled by dog-team
from Iqaluit to Pangnirtung (Fig. 4.5).

Warmer-than-normal temperatures made it difficult to simply walk from the land
out on to the sea ice in Frobisher Bay. The tidal overflow along the shore was not
refreezing. Instead the water remained liquid or slushy. We had to pick our way
across the more solidly frozen sections. Even so, however, our feet sank into the
slush, which soaked our moose-hide mukluk boots. During pre-trip planning, we
assumed only the American members would sleep in tents. The Inuit members
planned to make an igloo every night. Different from normal snow conditions, how-
ever, made igloo-making impossible. In many places there was simply not enough
snow. In other places the snow had weak and soft layers that made blocks cut from
it collapse instead of stand up. Living conditions are much warmer inside an igloo
than inside a tent, so it was a disappointment to the Inuit members to not be able to
build igloos.

On the Hall Peninsula as the dog-teams made their way overland from Iqaluit,
the team crossed a small flowing creek that was completely open, unfrozen water
(Fig. 4.6). Theo Ikummag, the Inuit team leader, said this time of year that creek
should be frozen solid. The temperatures on South Baffin Island had been, however,
as much as 40° above normal during the weeks before the expedition’s departure.

The 60-mile-wide Cumberland Sound stretches between the Hall Peninsula and
Pangnirtung, the expedition’s second village. Inuit elders recall a time when they
would dogsled and snowmobile straight across Cumberland Sound to ice-fish for
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Fig. 4.6 Inuit team member, Simon Qamanirq, dogsleds using the traditional fan hitch approach
on the Global Warming 101 Expedition (© 2007 Will Steger Foundation, Abby Fenton)

turbot and to reach camps for seal hunting on the other side. In 2007, however, my
team heard reports of the worst ice conditions ever; even seal pups were reported to
be falling through the ice. When we reached the sound, our fears were confirmed;
open water stretched all the way to the top of the sound. We added 70 miles to our
trip to skirt around the open water. In some places large polynias, or open sections
of water, separated us from the shore. [kummagq said many of these polynias were
larger than normal or in places where there had traditionally been only solid ice. We
arrived safely in Pangnirtung on March 10. The next day, however, the ice over
which we had traveled broke up.

Numerous glaciers carve their way down from the Penny Ice Cap and surround-
ing peaks in Auyuittuq National Park. Ironically, the name of the park translates to
“the land that never melts,” but the glaciers are now receding rapidly. Fifty years ago
the Fork Beard glacier reached all the way to the valley floor. It has now receded
over 1,000 vertical feet and is no longer even visible from the valley floor.

The unusual ice and snow conditions make travel difficult for my expeditions.
The conditions do, however, make it possible for us to achieve our goal of providing
an eyewitness account of global warming and its impact.

On these expeditions, we came to listen to the voice of the Inuit people. Of
course, as in any culture, there are a million voices, each one with its own unique
perspective on the world. Despite differing perspectives, however, we did hear
common threads. We heard over and over again, in each community, a concern for
global warming and the changing Arctic environment. We heard much evidence of



4 Eyewitness to Global Warming 59

-
/ . &~

Fig. 4.7 Young explorers travel across the ruins of the Arctic Ocean summer ice melt from the
2008 Ellesmere Island Expedition (© 2008 Will Steger Foundation, Sam Branson)

this change, of new species migrating north, of warming oceans and melting sea ice,
and of the impact this has on the delicately balanced Arctic ecosystem. Most of all,
we learned about the Inuit spirit of resiliency and adaptation. When we asked about
Inuit cultural survival in the face of global warming, we heard the same reply time
and time again: that the Inuit will continue to adapt as they always have. The ques-
tion many Inuit asked us in return, can the rest of us adapt?

A year later, traveling even further north than Baffin Island, on Canada’s
Ellesmere Island, my team and I bore witness to an inimitable firsthand account of
the effects of global warming. We traveled 700 miles across the sounds and straights
of Ellesmere Island in the spring of 2008, a year after 2007’s dramatic Arctic ice
melt (Fig. 4.7). We were unable to reach our original goal—to visit the last remain-
ing ice shelves on northern Ellesmere —because we were stopped by thick rubbles
of ice. Ice, we later learned, that had been part of the Arctic Ocean, 500 miles away.

In 45 years of Arctic exploration, I have never witnessed ice conditions like
what I experienced on this expedition. As confirmed by the US National Snow and
Ice Data Center upon our return, we traveled through the ruins of the Arctic Ocean,
encountering the melt of multiyear ice from the top of the globe. As an eyewitness
to the changing topography of the Arctic, I was stunned to see the rapid repercus-
sions of global warming for the region, its wildlife habitat and indigenous cultures.
Swift loss of sea ice will considerably alter the landscape of the Polar Regions as
we know it.
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Addressing Climate Change at the International Level

The United Nations Framework Convention on Climate Change

The United Nations Framework Convention on Climate Change (UNFCCC) is an
international environmental treaty that was agreed upon in 1992 at the United
Nations Conference on Environment and Development, known as the “Earth
Summit,” in Rio de Janeiro, Brazil. The Parties to this treaty (i.e., the countries that
have formally endorsed it) have been holding annual meetings since 1995. There are
now 194 Parties that have formally endorsed the UNFCCC — which is nearly all of
the world’s 203 sovereign states. Although the UNFCCC is technically considered
a “treaty,” it’s most accurate to think of it as an “agreement to agree” to take action
steps that prevent the worst impacts of climate change. Nothing in the UNFCCC
itself requires countries to take such action steps. That’s why there have been 17
UNFCCC conferences since 1995: the world still has a lot to do before it will have
a global agreement that stands a chance of dealing adequately with the threat of
climate change.

The Kyoto Protocol

The Kyoto Protocol, forged in 1997 in Kyoto, Japan, is the world’s first and so far
only attempt at a global agreement to address climate change. It calls for mandatory
cuts in greenhouse gas emissions from developed countries, but exempts developing
countries—including China and India, which are the world’s first and fifth largest
emitters of greenhouse gases despite their status as developing countries. Because
of this, the United States has never ratified the Kyoto Protocol, which means that the
binding emissions cuts accepted by every other developed country (except Australia,
until it ratified the Protocol in 2007) do not apply here, although the United States
is the world’s second largest emitter of greenhouse gases after China. The fact that
three of the world’s five largest emitters of greenhouse gases are not bound to cut
their emissions under the Kyoto Protocol has made this agreement inadequate to
deal with climate change—though it has led to meaningful emissions cuts in most
developed countries that ratified it (with some important exceptions).

The Bali Road Map

In December 2007, at the 13th Conference of Parties to the UNFCCC in Bali,
Indonesia, the countries of the world agreed on a plan for producing a new
agreement that would work alongside and eventually replace the Kyoto Protocol.
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In particular, this “Bali Road Map” called on Parties to develop strategies to deal
with five challenges:

* Finding consensus on an overall “shared vision” for a post-Kyoto agreement

e Cutting greenhouse gas emissions, including those resulting from deforestation

* Adapting to those climate change impacts that are already guaranteed to occur as
a result of past emissions

* Developing clean energy technologies, and transferring knowledge of these tech-
nologies to underdeveloped countries

» Forging financial agreements between countries to pay for the efforts above

Under the Bali Road Map, it was hoped that countries would agree on plans for
“enhanced action” on these issues in 2008 and 2009, in time to roll the action plans
together into a new international climate agreement by the end of the 15th conference
in Copenhagen. Between 2007 and 2009, negotiators from around the world worked
steadily to address the issues above, in hopes that their work would culminate with
an agreement in Copenhagen. This hoped-for agreement was laden with expecta-
tions as a result of the failures of the Kyoto Protocol. This is why the COP 15 con-
ference in Copenhagen received so much attention before it began, while it was
going on, and after it ended.

The Copenhagen Accord

The outcome of the conference was a three-page, non-binding “Copenhagen
Accord” that, while not perfect, provides the beginnings of an agreement to tackle
climate change. The Accord was agreed to in the final 48 h of the conference by
heads of state from the United States, China, India, Brazil, and South Africa. The
other countries assembled at the conference agreed to “take note of” the Accord.
What “taking note” means is open to interpretation; it was an indication that many
of the other countries at the conference were unwilling to endorse a non-binding
climate agreement, but were supportive of this agreement insofar as it leads to a
binding agreement later on.

Emissions Cuts in the Copenhagen Accord

The Copenhagen Accord is built on commitments to cut overall emissions by the
United States and other developed countries and commitments to cut emissions
intensity (emissions per unit of economic output) by India, China, and other devel-
oping countries. The emissions targets offered by the United States, China, and
India are as follows:
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The United States

e The United States will cut its overall greenhouse gas emissions 17 % by 2020,
from a 2005 baseline.

— This amounts to about a 4 % cut by 2020 from a 1990 baseline. The
Intergovernmental Panel on Climate Change, the world’s leading authority on
the science of global climate change, uses 1990 baselines in all its emissions
recommendations and called on developed countries like the United States to
cut their emissions 25—40 % by 2020 from a 1990 baseline in its 2007 report.

* The United States will cut overall greenhouse gas emissions 83 % by 2050, from
a 2005 baseline.

— This amounts to about an 80 % cut by 2050 from a 1990 baseline. The
Intergovernmental Panel on Climate Change called on developing countries
like the United States to cut their emissions 80-95 % by 2050 from a 1990
baseline in its 2007 report.

China

e China will cut its emissions intensity 40—45 % by 2020, from a 2005 baseline.

— This does not mean China’s overall emissions will fall between now and
2020, since emissions intensity is a measure of emissions per unit of economic
output. It only means that China will emit less per dollar of gross domestic
product (GDP) that it adds to its economy.

India

e India will cut its emissions intensity 20 % by 2020, from a 2005 baseline.

Other developed and developing countries choosing to endorse the Copenhagen
Accord had until January 31, 2010 to add their own emission reduction commit-
ments to an annex to the agreement.

Financing Climate Change Response Measures Under
the Copenhagen Accord

To finance emissions cuts, adaptation to climate impacts, and clean technology
development and transfer in developing countries, the United States committed to
“jointly mobilizing $100 billion a year by 2020,” in collaboration with other devel-
oped countries. It is likely that the United States will cover 20-25 % of this amount,
which will also include private funding. These funds will be managed and disbursed
by a new “Copenhagen Green Climate Fund.”
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Technology in the Copenhagen Accord

The Copenhagen Accord contains a pledge to “establish a Technology Mechanism
to accelerate technology development and transfer” to countries that lack the
capacity to develop clean energy technologies on their own. The specific functions
of this Technology Mechanism have not yet been agreed upon, but it is very likely
that the Mechanism will, at the least, oversee three new “Climate Technology
Centers” around the world. These Centers will facilitate collaborative research and
development between countries on new clean energy and other technologies.

Other climate technology development activities will take place outside the
umbrella of the United Nations, through the Major Economies Forum on Energy
and Climate. This Forum, which was launched in March 2009, is a collaborative
effort between 17 of the world’s largest economies (Australia, Brazil, Canada,
China, the European Union, France, Germany, India, Indonesia, Italy, Japan, Korea,
Mexico, Russia, South Africa, the United Kingdom, and the United States). The
Major Economies Forum’s “Global Partnership” on climate technology development
began in July 2009 at the G8 Summit in L’ Aquila, Italy. In Copenhagen, the Forum
released 11 Technology Action Plans designed to accelerate the development and
deployment of key clean energy and energy efficiency technologies, including wind,
solar, bioenergy, advanced vehicles, and carbon capture and storage (CCS).

Post COP15

Politically, it will be virtually impossible for the United States to make a binding
commitment to any international agreement before the United States. Senate passes
energy and climate legislation, which will provide specific guidance about the size
of the US emissions cuts and until the United States makes such a binding commit-
ment, China and India are unlikely to do so either. In 2010, after the US House
passed climate legislation, the US Senate failed to do so before the Cancun, Mexico
COP16 Summit. This inaction meant that a binding post-Kyoto international climate
agreement would be even less likely in 2010 and 2011.

COP17 Reflection, Durban Platform for Enhanced Action

COP17 had three key objectives: to reach agreement on the Kyoto Protocol’s future;
to agree to a pathway to strengthen the overall global climate regime and lay the
foundations for a new treaty; and to operationalize the various institutions and
processes that had been established at the COP16 meeting in Cancun, particularly
with respect to finance.

Parties managed to adopt decisions on all three issues, but few if any delegations
were happy with the overall Durban package or are even sure where the process will
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lead. While, on the one hand, governments have agreed that there will be a new legal
agreement with mitigation obligations for all countries for the first time, on the
other, many key issues remain unresolved, and the level of ambition is still too low
to limit global warming temperature rise to 2 °C.

The key decisions reached in Durban are:

e Agreement to launch a new negotiating process that will develop a new “protocol,
legal instrument or agreed outcome” by 2015 with implementation by 2020 and
covering all countries.

e Agreement to establish a second commitment period under the Kyoto Protocol
beginning in January 2013 and ending in either 2017 or 2020 (to be determined
by COP18).

e Agreement to operationalize the new Green Climate Fund.

The new negotiating process—known as the Durban Platform for Enhanced
Action—is effectively a continuation of the current “Convention” track negotiation,
which was established 5 years ago at Bali’s COP13 (Bali Road Map), and should
have concluded in Copenhagen with its own “agreed outcome” covering all major
emitters including both the United States and China. In other words, Parties have
committed, albeit in slightly stronger language, to an outcome in 2015 that they
should have delivered in 2009. Nevertheless, this new agreement will cover all
countries and all emissions, something as yet not achieved in the more than 20 years
of climate negotiations.

Agreeing to this so-called pathway to a new global deal was essential for any
deal on the future of the Kyoto Protocol —the number one priority for developing
countries attending COP17 in Durban. The European Union’s willingness to sign up
to further Kyoto targets after 2013 was conditional on securing a clear pathway to a
new global regime for all countries. This keeps the Protocol—and its crucial rules
and market mechanisms—alive, but it will be a “lite” version, with Canada, Japan,
and Russia all confirming in the decision text that they will not be taking on any
targets. Canada has since announced it will withdraw formerly from the Kyoto
Protocol. While Australia, New Zealand, Norway, and Switzerland are all likely to
join the EU (providing certain conditions are met), the Protocol after 2013 will
cover at most 15-16 % of global emissions.

The third piece in the puzzle, the Green Climate Fund, was the second must-have
for developing countries. The decision reached in Durban establishes the process
for establishing the governing Board, selecting a host country and an independent
secretariat. This should mean all practical operational elements of the fund, including
key staff will be in place in the next 12 months. What remains missing is the actual
funding, which is supposed to be scaled up to $100 billion per year by 2020. A new
work program on long-term finance will look at this issue in 2012.

In addition to these three core outcomes, the Durban package also delivered
progress on other key elements of the Cancun Agreements. This included guide-
lines for monitoring, reporting, and verification of mitigation efforts; establishment
of the Climate Technology Center and Network; modalities for the Review
Mechanism to assess global mitigation progress; and agreement on membership of
the Adaptation Committee.
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Despite the negotiations slow pace though, companies, governments, and
communities displayed great awareness of the threats and opportunities of climate
change. Delegates reported there was heartening evidence of the progress being
made across the globe: work on green growth plans and low carbon development
strategies; a wide range of exciting new technologies; and evidence of how low
carbon strategies can create jobs and new business opportunities. These actions will
be critical in the next 9 years, both in keeping emissions at safe levels and by showing
governments that a clean energy economy is possible.

Reflection on Participation in COP15: Engaging
a New Generation of Leadership

The Will Steger Foundation, a Minnesota-based nonprofit organization launched
Expedition Copenhagen, a Midwest youth delegation to the international climate
negotiations at the UNFCCC in Copenhagen, Denmark, December 5-19, 2009, led
by internationally renowned polar explorer Will Steger. Delegates assumed a lead-
ership role in a regional climate campaign to pass strong climate legislation leading
up to the international negotiations and also supported the Will Steger Foundation
Citizen Climate curriculum in schools across the United States. The expedition
goals were to build the US awareness of climate policy and investment in strong
participation in the conference; highlight the unique role of the Midwest region
since the Midwest is a key player in driving national climate policy, public opinion,
and the renewable energy revolution; and bring the US youth voice to the negotia-
tions whose future is at stake.

While in Copenhagen our delegation worked on a range of issues: interpreting
high level policy discussions on adaptation, finance, climate justice, and technology
transfer; participating in creative actions with youth from across the globe; and
sharing their experiences with media and their peers in Copenhagen as well as back
home in the Midwest. In addition to hosting a series of presentations and briefings
over the course of the summit, Expedition Copenhagen team members met with
government delegates and civil society from around the world.

At the conference, youth brought a moral voice to the negotiations. They told
stories about how climate change is affecting their home communities and shared
examples of how we can create a better world. Before and during the conference,
youth joined together from around the world to network, sharing information and
important skills while creating a stronger movement for solutions to climate change.

Not surprisingly, youth were able to parlay their size and coordination into
results. On the night before the negotiations ended, as government delegates pre-
pared for the possibility of leaving Copenhagen without any form of international
agreement in place, 150 young people demonstrated outside the conference center.
For hours they fought the bitter cold to call loudly for an agreement strong enough
to prevent the worst impacts of climate change. At 2:30 am, they received a text
message rehashing a statement just made inside by the UK Climate Minister, Ed
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Miliband: “It’s youth and connected mobilization that put the pressure to get anything,
especially the 130 leaders here. Stay strong.”

These and many, many other grassroots youth actions have expressed to policy-
makers everywhere that young people are unwilling to see their futures destroyed
by inaction, or to elect inactive candidates. Youth are the primary stakeholders in the
struggle to solve climate change which threatens both the present and the distant
future, and their efforts are now producing a groundswell of support. By meeting
with senior leaders in the middle with youthful action from the bottom, youth helped
create the political environment in which President Obama and other world leaders
had no choice but to salvage a deal in Copenhagen.

Youth have strengths that they bring to these negotiations, but nothing is stronger
than the moral voice and clarity they bring to the often intentionally complicated
policy discussions that occur at the UN Young people across the globe will bear the
brunt of global warming consequences throughout our lifetime. Without key policy
measures to encourage clean energy solutions, youth will inherit a more turbulent
and expensive future as a result of unchecked global warming.

Youth also have the potential to move, organize, and act quickly. Young people
represent more than the nongovernmental sector and have government delegates,
media representatives, youth union reps, and more. They also are willing to call for
bold action, develop innovative strategies for advocacy, and have a passion that is
palpable to anyone that has spent any time in their presence. Yvo de Boer, former
Executive Secretary of the UNFCCC, in an intergenerational inquiry on the role of
youth at these negotiations, was asked what role young people should play in these
talks. He said that too many NGOs have bureaucratized and dropped their banners to
put on suits. He said young people must raise the profile of this issue in their home
countries, until their governments are forced to listen, if they hope to influence the
outcome. For a UN diplomat, it was quite a statement—acknowledging that govern-
ments need to be pressured publicly and NGOs were failing to act and remained
myopically focused on research, policy expertise, and lobbying meetings.

In Copenhagen, and subsequent climate change conferences, the power of the
youth voice continues to have an impact. Through media outreach, social networking,
peaceful and creative actions, youth not only provide a call to action that is hard to
ignore, but they also provide a sense of hope and inspire engagement in solutions.

To read dispatches and blogs from Expedition Copenhagen visit: http:/www.
willstegerfoundation.org/expedition-copenhagen-2009/expedition-blog?start=5.
(There and back again, written by Jamie Racine—Expedition Copenhagen Delegate).

Many voices sounded in the streets across Copenhagen this past December, and
they came together late in the evening on the 18th of December as COP15 came to
a close. On that night, I sat in a small Danish apartment with a few of my fellow
delegates and listened to President Obama give his final words on the accord. For
the first time in nearly two and a half weeks, the world seemed quiet: Shock, exhaus-
tion, disappointment, confusion. His seemingly empty words hung in the air. All I
could hear was the breathing of my comrades and his political statement. Not a
statement of conviction, passion, progression, change, but a statement of politics. I
felt deceived, brokenhearted, emotional, and worn out. What had we worked so
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hard for? What does this mean for us? For humanity? What does this mean? I felt
blindsided by the auditory wrecking ball delivered by my President that thrust a
gaping hole into my relentless hope for the impossible.

The world was quiet and still.

I took some time to talk with my friends and put this new reality to the back of
my head. Just for a few hours, then I returned to the quiet, the quiet that had settled
over Copenhagen and over the youth movement.

For the first time in 2 weeks, I did not have 350 emails to check by the end of the
day. The world slowed back down. My psyche reverted to the corner of my mind
with the oversized sofa and low-light lamp where I go to reflect when I don’t know
what to think. This is where I stayed for the next few days and my long travels home.

A few weeks later and back at home, a renewed passion has reignited in my
heart. I have returned home to the thought and aspiration that initially inspired me
to apply for Expedition Copenhagen: local, sustainable communities.

I met hundreds of young people and thousands of people of all ages from all over
the world; each of their home communities has different ways to meet the same goal
as communities all over the world: local and sustainable. We need to take care of
each other here, at home. We can address this global issue of climate change through
local solutions. The Midwest specifically has phenomenal opportunity to become a
leader domestically and internationally through clean energy development.

The years ahead must be years of action. We must continue to hold our leaders at
the top to the promises they campaign on, but we cannot go to the top alone. Our
action, as we know, needs to happen at all levels of government and in the home of
our community members.

Education for Action

Action begins with education. Because we are dealing with an immediate threat, we
must launch a public education campaign to engage everyone in understanding the
climate change issue and solutions to climate change. Congregations, environmen-
tal groups, youth organizations, campuses, and clubs of all kinds will play a pivotal
role informing and engaging their members and moving them towards action. We
must expect that our leaders in government, industry, congregations, and schools are
well informed about climate change and its consequences.

In 2006, I decided to establish the Will Steger Foundation to address climate change
through education and advocacy. The Will Steger Foundation’s mission is to educate,
inspire, and empower people to engage in solutions to climate change (Fig. 4.8). Our
education program implements this mission through the support of educators, students,
and the public with science-based interdisciplinary educational resources on climate
change, its implications and solutions to achieve climate literacy.

There is virtually unanimous scientific agreement about climate change. Yet due
to both the inherent complexity of the topic and the social controversies surrounding
it, confusion and doubt often persist. If the nation is to address climate change, it
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Fig. 4.8 Will Steger Foundation host annual educator conferences on climate change education
with keynote speakers, including Dr. Naomi Oreskes (featured). Photo L to R: Carolyn Breedlove
(formerly, National Education Association), Dr. Naomi Oreskes (author Merchants of Doubt),
Nicole Rom (Executive Director, Will Steger Foundation), and Will Steger (President, Will Steger
Foundation) (© 2010, Will Steger Foundation)

must begin with a public that is climate-literate. Starting with our educational
system is critical [1-3]. Teaching and understanding climate change is a process
involving scientific inquiry and educational pedagogy; it is not about politics or
partisanship. Just recently, the National Center for Science Education, an organiza-
tion responsible for defending the teaching of evolution in schools, began address-
ing the backlash that school districts are facing when climate deniers threaten the
ability of educators to teach climate in their classrooms [4]. NCSE’s goal is to sup-
port educators who face pushback that’s based upon inaccuracies or misunder-
standing of the science. Educators we work with are reporting their lack of
knowledge about climate change. Broadening their understanding through profes-
sional development and curriculum resources strengthens their ability to teach the
topic and answer colleagues, students, and parents who often do not know the facts
of climate change.

Climate education means being able to understand the basics of Earth’s climate
system, to know how to assess scientifically credible information about climate, to
communicate about climate change in a meaningful way, and most importantly to
be able to make informed and responsible decision regarding our actions that affect
the climate. For example, we should know the reason for the seasons, the basic
dynamics of the greenhouse effect and the carbon cycle, and the differences between
weather and climate.
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Standard curriculum and textbook cycles are often slow and subject to state and
local review and debate, leaving them disconnected from new findings in climate
science. For example, observed sea ice melt and changes in ice sheets are occurring
faster than models had predicted. This disconnect quickly leads to outdated educa-
tional resources.

Climate change education must be based in peer-reviewed, consensus-based
science. For this reason, our materials are aligned to the Climate and Energy Literacy
principles. “Climate Literacy: The Essential Principles of Climate Science” and the
Energy Literacy Principles are a product of the US Global Change Research
Program and were compiled by an interagency group, led by NOAA.

We recognize the need for quality environmental education materials and educa-
tor support focused on climate change for a number of reasons. First, climate change
is currently not included in most education curriculum. Teachers cite a lack of
comfort, lack of time, and in some cases opposition from parents, administrators,
and even students [5]. Second, there is a movement at a policy level to make it dif-
ficult for teachers to include climate change in their classroom, despite an over-
whelming consensus among scientists of the reality of climate change and of
humans as the main driver [6]. Recent legislation passed in Tennessee gives teachers
the ability to challenge climate change in their classroom without fear of sanction
[7]. Finally, as NASA scientist Dr. James Hansen pointed out in a TED talk, “climate
change is like a giant asteroid that’s on course to hit earth.” Hansen’s comments
illustrate how important it is for us to prepare educators to teach about climate
change science and solutions and to develop students with the twenty-first century
skills to mitigate and adapt to the impacts of climate change.

We also recognize an opportunity for climate change education on a number of
levels. The newly released Next Generation Science Standards [8] explicitly include
climate change. Science educators will need to have access to quality, science-based
materials, and professional development as climate change becomes a core subject
to include in the science classroom. We also see an opportunity to use climate
change education as a means for addressing what Richard Louv has called, “Nature
Deficit Disorder” [9]. Connecting educators and students with the natural world is a
powerful tool for not only making climate change relevant, but for engaging stu-
dents in solutions. This can occur through outdoor mitigation projects and through
students own contributions to observations of change in their backyard.

While education is critical, action is also needed in our energy system. We need
to explore diverse energy sources, continue our search for increased fuel efficiency,
and increase our domestic production of transportation fuels. Significantly increas-
ing the use of domestic-produced biofuels offers both immediate and potential long-
term solutions to national security, economic competitiveness of the United States,
and price and supply vulnerabilities for families and businesses. Domestically pro-
duced energy also benefit the United States by creating jobs, keeping dollars in the
country, and lowering the environmental impacts associated with fossil fuel produc-
tion and use. We can reduce global warming pollution through conservation, exist-
ing technologies that make power plants and factories more efficient, and cleaner
technologies.
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Global warming, an environmental and moral issue, is also a unifying issue. It
affects all of us; therefore, the solution requires all of us. Individual action leads to
collective action. But individual action alone will not solve the problem. We need to
demand that our elected officials act to create solutions to climate change. State and
local initiatives are proving that answers exist. To reinforce and expand these efforts,
we need federal action that triggers solutions on a national scale. The US businesses
can and should lead the world in developing new energy technologies, but many of
these businesses will not lead without the guidance of mandatory limits.

The effects of global warming are pervasive. We cannot delay in slowing and
reversing this trend. Our health, economy, national security, and the environment
demand it.
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Chapter 5
California and Climate Changes

Rupa Basu

Abstract Epidemiologic studies of temperature and adverse health outcomes in
California are their incipient stage, as the majority of the research has been
conducted in the past 5 years. Exposure has been defined primarily as apparent
temperature, a combination of temperature and humidity, a measure that has been
calculated from meteorologic monitors supplied by the California Irrigation
Management System and the United States Environmental Protection Agency. The
various outcomes that have been studied include mortality and morbidity, such as
hospitalizations, emergency room visits, and in one study, preterm delivery. Air pol-
lutants have often been examined as potential confounders or effect modifiers. The
results have shown a positive association between temperature and various health
outcomes and have identified increased risk for infants, young children, the elderly,
and Blacks and for some specific cardiovascular and respiratory diseases. Identifying
vulnerable subgroups for local regions will be essential to decreasing heat-related
mortality and morbidity.

Keywords Temperature and mortality studies ® Temperature and hospitalizations
* Increased mortality * Morbidity * Vulnerable subgroups ¢ Mortality displacement
* California

According to the Intergovernmental Panel on Climate Change [1], global warming
impacts are likely to result in increased deaths, cardiorespiratory diseases, and injury
due to heat waves, among other public health impacts. This chapter summarizes
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epidemiologic studies of temperature and adverse health outcomes, focusing
primarily on California. The health outcomes discussed include mortality and
morbidity, such as hospital visits, emergency room visits, and preterm delivery.

Summary of Epidemiologic Studies of Temperature
and Mortality

Temperature and Mortality Studies in the United States
Including California

Previous studies of heat waves or elevated temperature and mortality have been
documented worldwide and summarized in two recent epidemiologic review articles
[2, 3].

A few investigators examining temperature and mortality in the United States
have included cities or counties in California as a part of their analyses.

Among the first studies of temperature and cardiorespiratory mortality was
conducted by Basu et al. [4] using National Morbidity and Mortality Air Pollution
Study (NMMAPS) data from 20 metropolitan areas in the United States. The inves-
tigators reported a positive association between temperature and mortality in the
summer for all regions and mostly null or negative associations during all other
seasons. The Southwest region consisting of Phoenix, AZ; San Diego, CA; Santa
Ana, CA; Los Angeles, CA; and San Bernardino, CA, had the highest regional
effect with an odds ratio (OR) of 1.15 (95 % confidence interval (CI): 1.07, 1.24) per
10° Fahrenheit (°F) increase in mean daily temperature, adjusted for dew point
temperature to account for humidity. In this study, the time-stratified case-crossover
approach using logistic regression models (Fig. 5.1) and the time-series analysis
using Poisson regression models produced virtually identical results. Since this
study was based on 1 year of data in 1992, more studies of multiple areas over a
longer time period are warranted.

Recently, other investigators have expanded the NMMAPS data to include more
metropolitan areas throughout the United States [5, 6]. Barnett [5] included 107
cities in their analysis to compare findings between the summers of 1987 and 2000.
He reported an elevated risk in 1987 for temperature and cardiovascular mortality
that was no longer observed in 2000. Similar to the Basu et al. [4] study, regional
analyses showed that southern California had among the greatest effects in 1987 but
also had the largest decline in 2000. The author attributes the diminished effect
partially to the increased availability of air conditioning (AC). However, racial
disparities have been reported for access to AC in the United States [7], and thus,
AC use is not a viable solution to mitigate heat-related health impacts equally for
everyone that may be affected. Furthermore, prolonged and widespread AC use can
lead to power brownouts and blackouts. In another investigation of 95 NMMAPS
cities from 1987 to 2000, the potential effect modification by ozone on the
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Fig.5.1 Schematic diagram of time-stratified case-crossover design. CASE, case period; R1-R10,
referent periods 1-10 every third day in the same month and year; TO, time that case occurred
(death date); T-24 ... T+18, time that referent periods occurred

temperature and cardiovascular mortality association was assessed during the
summer months [6]. A synergistic effect between ozone and temperature in most
regions, including Southern California, was observed.

In another case-crossover study of temperature and mortality in 50 US cities
using data from 1989 to 2000, investigators explored extreme temperatures, using
various cutoff values for temperature [8]. In their analysis of over six million obser-
vations, mortality was found to increase with extreme heat (5.74 %, 95 % CI: 3.38,
8.15). Although no estimates were provided for California specifically, Los Angeles
and San Diego were included in the overall analysis. The largest effects were gener-
ally observed in cities with milder summers, less AC, and higher population density.
In another case-only study using the same data, Medina-Ramon et al. [9] found that
older subjects, diabetics, Blacks, and those dying outside a hospital were more sus-
ceptible to the effects of extreme heat.

Temperature and Mortality Studies in California

California is unique since temperature and humidity tend to be relatively mild,
while pollutant levels are generally high with distinct sources and patterns of expo-
sure. Furthermore, people spend more time outdoors throughout the year in
California, lending them the potential for more exposure to heat, air pollution,
smoke, as well as vector-borne diseases. AC use is not a surrogate for socioeco-
nomic status, as it may be in other parts of the country. Many homes in coastal areas
do not have AC installed because predominantly cool temperatures minimize the
need, although coastal homes tend to be more expensive and, thus, consist of a
wealthier population. Thus, people living in coastal areas may be more impacted by
a heat wave since they do not have air conditioning in their homes and are not
acclimatized to high ambient temperatures.
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Fig. 5.2 Mean apparent temperature for nine California counties, May to September 1999-2003
(from Rupa Basu, PhD, MPH, Oral presentation entitled “An Epidemiologic Study of Temperature
and Mortality in California: Implications for Climate Change.” California Energy Commission,
Sacramento, September 15, 2006 with permission)

Investigators have estimated the impact of temperature on mortality in California
[10-12]. Temperature and mortality data from nine counties in California were ana-
lyzed including Contra Costa, Fresno, Kern, Los Angeles, Orange, Riverside,
Sacramento, San Diego, and Santa Clara, which comprise approximately 65 % of
the State’s population, and include regions in northern and southern California and
inland and coastal regions (Fig. 5.2). To focus on heat effects, data were limited to
the warm season from May 1 to September 30, 1999-2003. Air pollutants were
accounted for in the analyses as potential confounders or effect modifiers. County-
specific estimates were obtained followed by an overall combined estimate using
the random effects model in meta-analyses [13].
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In the first epidemiologic study of temperature and mortality in California, the
primary goal was to establish methods to examine the association independent from
air pollutants [11]. A total of 248,019 deaths were included. Same-day lag was
found to have the best data fit and also the highest risk estimates, demonstrating the
acute effect of temperature on mortality. Each 10 °F increase in same-day mean
apparent temperature corresponded to a 2.3 % increase in mortality (95 % CI: 1.0,
3.6) in the time-stratified case-crossover analysis for all nine counties combined,
with similar results produced in the time-series analysis. No air pollutant examined
was found to be a significant confounder or effect modifier. Regional differences
within California were found between coastal and inland areas, and thus, region-
specific policies are warranted. An association between temperature and California
was observed in a relatively mild climate without focusing on extremes in apparent
temperature or heat waves. The findings from this study are comparable to tempera-
ture and mortality in other regions in the United States using the same methods [14].

Vulnerable Subgroups

In a second time-stratified case-crossover study examining temperature and mortal-
ity in California, vulnerable subgroups were identified [12]. A total of 231,676 non-
accidental deaths were included to evaluate several disease categories and subgroups
including cardiovascular, respiratory, cerebrovascular, and diabetes. Effect modifi-
cation by race/ethnic group, age, sex, and education level was also considered. Each
10 °F increase in mean daily apparent temperature corresponded to a 2.6 % (95 %
CI: 1.3, 3.9) increase in cardiovascular disease mortality, with elevated risk espe-
cially found for ischemic heart disease. Acute myocardial infarction (MI) and con-
gestive heart failure also had elevated risks, although respiratory disease mortality
did not. High risks were also found for persons at least 65 years of age (2.2 %, 95 %
CI: 0.04, 4.0), infants 1 year of age and under (4.9 %, 95 % CI: —-1.8, 11.6), and
Black non-Hispanic racial/ethnic group (4.9 %, 95 % CI: 2.0, 7.9). No differences
were found by gender or education level. Thus, persons at risk for cardiovascular
disease, the elderly, infants, and Blacks among others should be targeted to prevent
mortality associated with high apparent temperature.

Mortality Displacement

In a time-series study, the potential effect of mortality displacement in the relation-
ship between apparent temperature and mortality was explored [10]. Mortality dis-
placement, also known as harvesting, refers to the phenomenon in which a specific
exposure, such as temperature, impacts already frail individuals whose deaths may
have only been brought forward by a few days. Significant associations were
observed for the same day (excess risk, 4.3 % per 10 °F increase in apparent tem-
perature, 95 % CI: 3.4, 5.2) continuing up to a maximum of 4 days following appar-
ent temperature exposure for non-accidental mortality (Fig. 5.3). Similar patterns of
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Fig. 5.3 Estimated percent change (95 % CI) associated with a 10 °F increase in mean apparent
temperature and non-accidental mortality in 13 counties in California, May to September,
1999-2005

risk were found for mortality from cardiovascular diseases and respiratory diseases
among children 0-18 years of age and among those 50 years and older. Since no
significantly negative effects were observed in the following single or cumulative
days, evidence of mortality displacement was not found. Thus, the effect of tempera-
ture on mortality in California appears to be an event that occurs within 3 days
following exposure, with the most significant impact occurring on the same day, and
appears to have a broad impact on the general population.

Heat Waves and Mortality

Two studies were recently conducted focusing on the Phoenix metropolitan area in
Arizona [15, 16]. One study focused on heat-related deaths occurring from June to
September 2000 to 2005 [15]. Per °F, a 6 % (1.00, 1.13) increase in mortality risk
was observed. Most deaths occurring outdoors affected children under 5 years of
age, while the majority of indoor deaths occurred among the elderly at least 65 years
of age. Other investigators examined heat-related medical dispatches in Phoenix
from 2001 through 2006 and found that maximum daytime temperature and ele-
vated comfort indices, a measurement of temperature and relative humidity, were
associated with the greatest risk [16].
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The estimates provided in the previous section discussing studies conducted in
California were based on background apparent temperature, including both heat
wave and non-heat wave periods. Thus, they do not capture the worst-case scenario,
as would be observed during heat wave periods only. Ostro et al. [17] investigated
the July 2006 heat wave in California from July 14 to August 1, 2006. County coro-
ners reported that high ambient temperatures caused 142 deaths. However, heat
wave deaths are likely to be underreported due to a lack of a clear case definition
and the multifactorial nature of mortality [2]. Furthermore, no systematic definition
for heat-related deaths currently exists in the United States or California specifi-
cally. Daily data were collected for mortality, relative humidity, ambient tempera-
ture, and ozone in seven California counties known to be impacted by the July 2006
heat wave. The combined meta-analytic results suggested a 9 % (95 % CI: 1.6,
16.3) increase in daily mortality per 10 °F change in apparent temperature, which
is more than 3 times larger than the effect estimated for the full warm season and
corresponds to a number of deaths 2 or 3 times greater than the coroner estimates.
The studies summarized provide a quantification of heat-related effects in California
using epidemiologic methods. The first three studies described methodology, vul-
nerable subgroups, and potential mortality displacement of the apparent temperature-
mortality association, while the last study focused on mortality during the 2006
heat wave.

Summary of Epidemiologic Studies of Temperature
and Morbidity

Temperature and Hospitalizations/Emergency Room Visits

Using the same nine counties as the mortality analyses, temperature and hospital-
izations from various causes were evaluated [18]. The study population consisted of
597,735 individuals who were admitted to a hospital with selected diagnoses and
lived within 10 km of a temperature monitor in an effort to refine exposure assess-
ment. A 10 °F increase in mean apparent temperature was associated with a 3.5 %
(95 % CI: 1.5, 5.6) increase in several disease-specific outcomes, such as ischemic
stroke, all respiratory diseases (2.0 %, 95 % CI: 0.7, 3.2), pneumonia (3.7 %, 95 %
CI: 1.7, 3.7), dehydration (10.8 %, 95 % CI: 8.3, 13.6), diabetes (3.1 %, 95 % CI:
0.4, 5.9), and acute renal failure (7.4 %, 95 % CI: 4.0, 10.9). There was little evi-
dence that the temperature effects found were due to confounding by either PM, 5 or
ozone. In a follow-up study using data provided by a housing survey [19], the impact
of AC use was investigated on the apparent temperature-hospitalization associa-
tions. [20] Although ownership and usage of ACs significantly reduced the effects
of temperature on several health outcomes, even after controlling for potential con-
founding by family income and other socioeconomic factors, the associations
between temperature and the health outcomes remained robust.
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In a recently published time-stratified case-crossover study of over 1.2 million
ER visits in 16 climate zones [19] in California, the study population consisted of
cases who resided within 10 km of a temperature monitor in the same climate zone
[21]. Significant positive associations for same-day apparent temperature and isch-
emic heart disease (% excess risk per 10 °F: 1.7; 95 % CI: 0.2, 3.3), ischemic stroke
(2.8; 0.9, 4.7), cardiac dysrhythmia (2.8; 0.9, 4.9), hypotension (12.7; 8.3, 17.4),
diabetes (4.3; 2.8, 5.9), intestinal infection (6.1; 3.3, 9.0), dehydration (25.6; 21.9,
29.4), acute renal failure (15.9; 12.7, 19.3), and heat illness (393.3; 331.2, 464.5).
Statistically significant negative associations were found for aneurysm, hemor-
rhagic stroke, and hypertension. These estimates all remained relatively unchanged
after adjusting for air pollutants, with the exception of pneumonia and all respira-
tory diseases, which were confounded by nitrogen dioxide and carbon monoxide.
Risks often varied by age or racial/ethnic group. Thus, risk prevention strategies for
morbidity during heat exposure require an immediate response and should consider
those who are at greatest risk for cardiovascular disease, as well as the elderly,
children, and minority race/ethnic groups.

Heat Waves and Morbidity

In a study examining the effects of the 2006 California heat wave on morbidity,
Knowlton et al. [22] aggregated county-level hospitalizations and emergency
department (ED) visits for all causes and for some specific causes for six geographic
regions of California. Excess morbidity and rate ratios (RRs) during the heat wave
(July 15 to August 1, 2006) were calculated and compared to a referent period (July
8—14 and August 12-22, 2006). During the heat wave, 16,166 excess ED visits and
1,182 excess hospitalizations occurred. ED visits for heat-related causes were found
to be increased (RR 6.30, 95 % CI: 5.67, 7.01). The greatest risk was found in the
Central Coast, children (0—4 years) and the elderly (>65 years of age). Acute renal
failure, cardiovascular diseases, diabetes, electrolyte imbalance, and nephritis also
had significantly increased risk. Some regions with relatively mild temperatures
were found to be at increased risk, suggesting the influential roles of population
acclimatization and biological adaption.

Temperature and Adverse Birth Outcomes

In the first large-scaled study of temperature and preterm delivery in the United
States, Basu et al. [23] examined approximately 60,000 births spanning 16 counties
in California from May through September 1999-2006. The investigators identified
cases of preterm delivery from a state registry of births, which were combined
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with temperature and air pollution monitoring data based on residential zip code.
Apparent temperature was significantly associated with preterm birth for all mothers,
regardless of maternal race/ethnic group, age, education, or infant sex. Per 10 °F
increase in weekly average (lag06) apparent temperature, an 8.6 % (95 % CI: 6.0,
11.3) increase in preterm delivery was found. Greater associations were observed
for younger mothers, African-Americans, and Asians. These associations were
found to be independent of air pollutants. Since this study was the first to report
positive associations between temperature during the warm season and preterm
delivery, more large-scaled studies of temperature and other adverse birth outcomes
are warranted to establish associations in various locales.

El Niiio Events

El Nifio refers to a temporary change in the climate of the Pacific Ocean, in the
region around the equator. The changes in weather are observed in both the ocean
and the atmosphere, generally in the Northern Hemisphere during the winter.
Typically, the ocean surface warms up by a few degrees Celsius, causing thunder-
storms to move eastward, as well as other marked effects on the world’s climate.

Investigators have examined existing trends in weather and hospitalizations for
several cardiovascular outcomes (MI, angina pectoris, congestive heart failure) and
stroke during both normal weather patterns and during El Nifio events in three
regions of California: Los Angeles, Sacramento, and San Francisco from 1983 to
1998 [24]. Although they found minimal changes in hospitalizations due to weather
in Los Angeles, a 5 °F decrease in maximum temperature or a 5 °F increase in mini-
mum temperature was associated with significant increases (6—13 %) in hospitaliza-
tions for all outcomes studied among those 70 years of age and older in San Francisco.
Similar patterns were observed for men 70 years of age and older in Sacramento:
6—11 % increase for MI and 10-18 % increase for stroke. El Nifio events were found
to be significantly associated with increased hospitalizations particularly for angina
pectoris in San Francisco and Sacramento, but not in Los Angeles.

The same investigators also studied women over the same time period to examine
the association between weather and viral pneumonia [25]. A 5 °F decrease in
minimum temperature resulted in significant increases (30-50 %) in hospitaliza-
tions in San Francisco and Los Angeles, whereas a 5 °F decrease in maximum
temperature difference produced significant increases (25-40 %) in hospitalizations
in Sacramento. The associations were found to be independent of season. El Nifio
events were associated with hospitalizations only in Sacramento, with significant
decreases for girls and increases for women.

An understanding of the changing patterns of hospital admissions during periods
of weather changes is beneficial for evaluating population vulnerability and devel-
oping public health response.
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Projections for Climate and Mortality

A few investigators have projected the effects of climate change and mortality, spe-
cifically for California. Using various climate models, greater increases in summer
temperatures compared to winter temperatures are predicted. Based on the higher
Al emission scenarios, heat waves and extreme heat in Los Angeles are expected to
be 68 times more frequent, with heat-related excess mortality increasing 5—8 times
by the year 2100 [26]. The projections were slightly lower for the lower B2 emission
scenarios. Other investigators also predicted a significant increase in heat events
with longer duration and greater frequency over the twenty-first century, particularly
for coastal areas of California [27]. By the 2090s, annual mortality could rise to a
total of 4,684-8,757 deaths per year in California depending upon the scenario used
from the General Circulation Model. The elderly over 65 years and urban centers are
likely to face the greatest impact. A similar prediction was made in another study,
with the central estimate of annual mortality ranging from 2,100 to 4,300 for the
year 2025 and from 6,700 to 11,300 for 2050 [28]. Estimates using the low B1 emis-
sions scenario are roughly half of these values. A 10 % and 20 % increase in AC use
would generate reductions of 16 % and 33 % in the years 2025 and 2050, respec-
tively. A national US estimate of annual incidence of heat-related mortality was
found to be 3,700-3,800 from all causes, 3,500 from cardiovascular disease, and
21,000-27,000 from non-accidental deaths from May through September 2048 to
2052 relative to 1999-2003 using the A1 emissions scenario [29].

Biologic Mechanisms

Since heat-related mortality and morbidity have multiple etiologies, a clear biologic
mechanism or cause is unknown. Susceptible individuals may not be able to thermo-
regulate efficiently. When body temperatures rise, the body generally shifts blood flow
from the vital organs to the skin’s surface in an effort to cool down [30]. Thus, thermo-
regulation may be inadequate when too much blood is diverted from the vital organs
[31]. Increased blood viscosity, elevated cholesterol levels associated with higher tem-
peratures, and a higher sweating threshold have also been reported in susceptible sub-
groups [32]. Another possible explanation for preterm delivery may be increased
dehydration with heat exposure, which could decrease uterine blood flow and increase
pituitary secretion of antidiuretic hormone and oxytocin to induce labor [33].

Conclusions

Public health impacts of climate change in California are expected to be broad,
including direct impacts from increased temperature and extreme weather events.
Most of the epidemiologic studies of temperature and mortality or morbidity that
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have been published have been conducted over the past decade. Prior to that, most
research had focused on case reports following heat waves, rather than using
background apparent temperature as a measure of exposure. However, the topic is
still in its nascent phase, and relatively very little research has focused on the
Southwest or on California specifically.

Several important research questions remain regarding the relationship between
temperature, heat waves, and subsequent human morbidity and mortality. More
information from public health research is needed to provide the National Weather
Service the best measure of heat warning (e.g., heat index) that is predictive of
morbidity and mortality. Recommendations need to be developed based on the char-
acteristics that comprise the most effective heat warning systems in the United
States and abroad and how to develop such systems locally. Although individuals
may know about heat warning systems, they may not be aware of what actions need
to be taken or perceive themselves as being at increased risk [34]. Identifying
comorbidities in vulnerable subgroups such as the elderly and children, as well as
communicating to them precautionary efforts that can be taken, is crucial. Expansion
of personal heat exposure assessment studies, using methods described previously
by Basu and Samet [35], would be informative for identifying individual high-risk
characteristics, as well as for understanding the biological mechanism between heat
exposure and associated morbidity and mortality. Furthermore, no research has
been conducted analyzing the characteristics of air masses (humidity, stagnation,
period of occurrence, length) in relation to morbidity and mortality. Thus, the
associations between temperature and adverse health outcomes need to be further
investigated across all temperature exposure levels. Since heat waves are expected
to occur more frequently with longer duration, the focus of epidemiologic studies
should be on the higher end of temperature exposure, as they are expected to have
the greatest public health impact in the future [1].
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Chapter 6

Heat Waves and Rising Temperatures:
Human Health Impacts and the
Determinants of Vulnerability

Helene G. Margolis

Abstract Globally, heat waves account for dramatic increases in mortality and
morbidity; however, there is increasing awareness that day-to-day increases in
temperature contribute to a significant risk of heat-related morbidity and mortality
(HRMM) that over one or more warm seasons may exceed the public health bur-
den of heat waves. Climate change has already and will continue to increase both
average ambient temperatures and the frequency and intensity of excursions above
those averages (i.e., heat waves or extreme heat events) and will thereby lead
directly and indirectly to amplification of the risk of HRMM. This chapter provides
a brief synopsis of our current knowledge about thermoregulation, thermotoler-
ance and the pathophysiology of heat stroke, and the multiple determinants of
health and illness that influence the risk of HRMM and that collectively define
vulnerability. A particular focus is on two vulnerable populations, older adults and
children. An Environmental Health Multiple-Determinant Model of Vulnerability
is presented as a conceptual framework to integrate that knowledge, with the intent
of providing a tool that can facilitate compilation and translation of the information
to interventions and adaptation strategies relevant at the individual level and/or
subpopulation and population levels and at one or more geopolitical scales in
developing and/or developed nations. Three overarching strategies for HRMM risk
reduction are discussed, including Extreme Heat Event and Warm Season Heat
Preparedness and Response Action Plans, Promote Good Health and Access to
Quality Healthcare (reduces risk and increases resiliency), and Reduce/Manage
Potential Exposure(s) (individual, community) to Ambient Heat and Other Physical
Environmental Stressors. A key focus of this chapter is on integration and translation
of knowledge.
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Over evolutionary time scales, humans have evolved to tolerate ambient heat across
a fairly wide range of environmental conditions; that ability is enabled by behav-
ioral and complex biological/physiological thermoregulatory adaptations that serve
to maintain an average core body temperature within a narrow life-sustaining range
around 37 °C (98.6 °F) [1] regardless where they live or where their ancestors
evolved [2]. Under past and present climatic conditions, human populations around
the globe have been and continue to be exposed to periods of extreme high tempera-
tures that pose a risk of adverse health impacts, which include but are not limited to
a suite of mild-to-severe conditions within the rubric of “heat-related illness (HRI),”
and acute exacerbations of prevalent chronic diseases [3, 4], as well as death that
may or may not be attributed as a direct or indirect consequence of heat exposure or
a combination of heat and comorbidity. Climate change has already and will con-
tinue to increase both average ambient temperatures and the frequency and intensity
of excursions above those averages [5] and will thereby lead directly and indirectly
to amplification of the risk of heat-related morbidity and mortality (HRMM) [6].
(Key terms used in this chapter are defined in Table 6.1).

Modern societies, especially politically and economically stable nations, have
social systems that include mechanisms designed to protect the stability of the
society by reducing the health risks and/or increase the resilience of the overall
population during natural disasters, including heat waves or more generally
“extreme heat events” (EHE) (see Table 6.1). Thus one would expect, at least in
developed nations, for there to be sufficient experience and knowledge, guidance,
policies, and infrastructure to adequately protect the population’s health during
EHE. This expectation was proven wrong in 2003, when an intense and extended
heat wave and exceptionally hot summer in Europe claimed about 70,000 lives
[7])—with about 15,000 deaths occurring in France alone [8]. Extreme heat expo-
sure remains the leading cause of weather-related deaths in the United States [9].
Although the death toll paled in comparison to the 2003 European heat wave, the
summer 2006 California heat wave, which affected most of the State and was of
unprecedented intensity (with both extreme high daytime maximum temperatures
and high nighttime minimum temperatures) and duration (about 17 days) [10, 11],
had a very significant public health burden. That event is estimated to have resulted
in over 600 excess deaths [12, 13] and about 1,200 excess hospitalizations and
16,000 excess emergency department contacts for a variety of causes [14]. The eco-
nomic cost of the health impacts (mortality and morbidity) of that event has been
estimated to have been $5.4 billion [15].

Importantly, although less dramatic than a heat wave-related sudden upsurge in
deaths and illnesses, there are significant health risks associated with day-to-day
excursions in temperature above local warm season means that might not meet a
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Table 6.1 Glossary of terms

Heat-related morbidity and mortality (HRMM): this term is used here to reflect the full-spectrum
of causes of illness or death, including heat-related illness (HRI; a clinically defined spectrum
of conditions associated with excessive heat stress). The abbreviation HRI is used when
explicitly referring to one or more conditions within the spectrum of heat-related illnesses

Heat wave (extreme heat event): there is no universally accepted definition of “heat wave”;
however, commonly applied criteria include the occurrence of temperatures, or a temperature
plus humidity metric (e.g., Heat Index or Humidex) above a threshold level that persists over
2 or 3 consecutive days. The term extreme (or excessive) heat event (EHE) is generally used
synonymously with “heat wave”; for the purposes of this chapter, the term is used to represent
any extreme excursion above usual average temperature conditions that may pose a health
risk, regardless of whether it meets criteria for designation as a heat wave

Vulnerability: the definition applied in this chapter (see text) has a public health orientation and
differs from the definition used by the IPCC (Climate Change 2007: Synthesis Report), which
states: Vulnerability is the degree to which a system is susceptible to, and unable to cope with,
adverse effects of climate change, including climate variability and extremes. Vulnerability is
a function of the character, magnitude, and rate of climate change and variation to which a
system is exposed, its sensitivity, and its adaptive capacity

Heat stress: heat stress is defined as the total heat load on the body from metabolic heat
production plus external environmental factors; and Heat Strain is the total physiological
stresses resulting from heat stress. An alternate common heat stress definition combines heat
load and its consequences: Heat Stress is any combination of work, airflow, humidity, air
temperature, thermal radiation, or internal body condition that strains the body as it tries to
regulate its temperature. When the strain to regulate body temperature exceeds the body’s
capability to adjust, heat stress has become excessive (US Navy definition)

Heat acclimatization: the terms heat acclimatization and heat acclimation are often used
interchangeably; however, acclimatization refers to adaptations that develop as a result of
challenges in the natural environment (e.g., physical training in a hot country), and acclimation
refers to similar adaptations acquired from experimental exposure to artificial conditions

Climate change mitigation strategies (CCMS): actions to limit further climate change by
reducing the production of greenhouse gases (GHG)

Climate change adaptation strategies (CCAS): actions to lessen the adverse impacts by preparing
for inevitable changes in climate and climate variability

definition of “extreme” heat and that might not be perceived by the overall popula-
tion and specific at-risk subpopulations as hazardous [16-21]. In a meta-regression
analysis using published results from multiple cities around the world, it was esti-
mated that in nearly half of those locations, the risk of all-cause (all-age) mortality
increased by one to three percent (1-3 %) per 1 °C increase above the city-specific
threshold (i.e., the temperature at which the mortality/morbidity indicator is lowest
or the temperature where there is a sharp increase in a nonlinear exposure-response
function) with the effect estimate (i.e., slope of linear-response function) varying by
different city-specific characteristics and a general trend for the thresholds to be
higher in locations closer to the equator [17]. Geographic patterns in effects have
been reported in a number of studies, for example, heat-related mortality in the
United States tends to be greater in communities in cooler climates than in warmer
climates; the smaller effect in warmer areas has been attributed to adaptation through
physiological, behavioral, technological means [22-27].
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A few studies have evaluated the added heat wave effect above the overall warm
season increase in mortality. For example, in a meta-analysis of seven California
counties, the July 2006 heat wave was associated with a 9 % (95 % CI: 1.6, 16.3)
increase in all-cause daily mortality per 10 °F (5.6 °C approximately) change in
apparent temperature or about threefold the effect estimated over the entire warm
season (May—September) or July only in 1999-2005 [13]. That magnitude of added
heat wave effect is consistent with those observed for some European cities [16].
Over one or multiple warm seasons and over large geographic areas with exposed
populations, the increased risks associated with non-extreme temperatures, reflected
in increases in numbers of deaths and emergency department visits or hospitaliza-
tions, are a major contributor to the cumulative public health and healthcare burden
of ambient heat, potentially greater than heat wave periods (which are relatively
rare) [16, 17, 28].

Organizations charged with protecting public health during natural disasters are
becoming more aware of the potential for health effects (mortality or morbidity) to
occur not only during EHE but also at less-than-extreme temperatures common over
a warm season. However, most if not all of those organizations continue to use
extreme heat alert systems and HRMM risk-reduction strategies that are formulated
from an “emergency response” perspective and involve implementation of public
health protection protocols that are triggered by forecasted or observed temperatures
(or other biometeorological measures) that meet criteria for “extreme” heat condi-
tions. Furthermore, to date, those criteria are always based on exposure-response
functions derived from mortality studies, in part because there are overall and for
specific locations far fewer studies of ambient heat impacts on morbidity than on
mortality. Given that even under current climatologic conditions, ambient heat
continues to lead to significant morbidity and mortality, despite the fact that HRI
is potentially preventable [3, 9, 29] as is most of the excess HRMM observed in
epidemiologic studies makes it clear that improved approaches for prevention of
HRMM need to be developed and implemented in the near term. It will be essential
to augment the emergency response approach and add a broad suite of strategies that
aim to diminish individual and population risk under the full range of ambient heat
conditions, not just extremes. To that end, it is necessary to identify the populations,
subpopulations, and individuals at elevated risk and to define and understand the
independent and joint influence of determinants that contribute to greater (or dimin-
ished) vulnerability (see Table 6.1 and next section). Furthermore, while epidemio-
logic observations and research conducted at the population level is critically
important and has been invaluable in guiding current strategies for reducing HRMM,
the existent burden of HRMM and the amplified challenges to public health posed
by climate change and other global changes, such as migration to urban areas or
increased prevalence of chronic diseases, that are adversely affecting population
health and resilience make it essential that the science upon which risk-reduction
strategies are based is broadened. Major advances in our understanding of the
pathophysiology of HRI and how it may be related to underlying heath status, in
particular the role of the immune system (innate and adaptive) and systemic inflam-
mation and oxidative stress [1, 3, 30-32], can provide critical insights to which
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individuals and populations are most susceptible to HRMM and can guide identification
of efficacious and cost-effective interventions.

This chapter provides a brief synopsis of our current knowledge about the
multiple determinants of health and illness that influence the risk of HRMM and
that collectively define vulnerability. A conceptual framework to integrate that
knowledge is presented, with the intent of providing a tool that can facilitate com-
pilation and translation of the information to interventions and adaptation strategies
relevant at the individual level and/or subpopulation and population levels and at
one or more geopolitical scales in developing and/or developed nations. The scope
of this chapter does not allow a comprehensive exposition of the determinants of
risk for all vulnerable populations; however, recent advances in knowledge about
thermoregulation and risk factors in older adults and children are briefly discussed.
Strategies for HRMM prevention are identified.

Vulnerable Populations: Multiple Determinants
of Ambient Heat Health Impacts

Populations and Subgroups at Elevated Risk: Insights
Jrom Epidemiology

Identification of vulnerable populations for the purposes of developing public health
approaches to prevention of HRI and HRMM is primarily based on epidemiologic
studies that utilize routinely collected administrative data (death certificates, hospital
admissions, and emergency department contacts). A number of mortality and mor-
bidity studies (case-control, case cross-over, time-series, and case-series) have eval-
uated the impacts of ambient heat on specific subpopulations defined by diagnosis
group (i.e., to identify cases for specific-cause analyses), age, sex, race/ethnicity, or
activity if the data are available (e.g., occupational workers, athletes) and/or evalu-
ated the influence of population-specific or location-specific factors, such as socio-
economic indicators or co-exposure to air pollution either as potential confounders
or as effect modifiers. Direct comparison of individual epidemiologic study results
is challenging due to differences in study populations, locations, and designs, in
particular the use of different temperature indicators and/or different definitions of
a heat wave, and whether potential confounding or modifying factors have been
considered [18, 33]. Importantly, the commonly used epidemiologic data and study
designs preclude detailed examination of individual-level factors, such as obesity or
comorbidity and treatment, or location-time-activity patterns that can modify expo-
sures and that may account for the enhanced risk observed at the population level;
thus, clear attribution of the elevated risk to just biological susceptibility or another
factor is not possible. (For recent reviews of the epidemiologic literature on tem-
perature effects on all-cause or specific causes of mortality, see Hajat and colleagues
(2010) [17] or morbidity see Ye and colleagues (2012) [18]. In addition, see Smith
and colleagues (2012) for a discussion of heat wave definitions [33]).
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Among the different studies, there is heterogeneity in the results for some key
factors, i.e., whether there is an effect or association and the direction and magni-
tude of the association, with some of the differences likely a function of whether the
study is examining mortality or morbidity and the specific diagnoses being exam-
ined [17, 18, 34]. Age, specifically older adults (usually defined as >60 years of age)
and the very young (infants, children <5 years of age), is among the strongest and
most consistent predictors of elevated risk for HRMM [14, 17, 18, 34]. There are
mixed results for sex, with some studies indicating no influence, and others suggest-
ing women or men are at greater risk (often dependent on the health outcome)
[17, 18, 34]. Predisposing chronic diseases (e.g., psychiatric illness and neurologi-
cal disorders, cardiovascular and pulmonary diseases, and diabetes) are also consis-
tently implicated in elevated risk for HRMM [17, 18, 34, 35]. Other factors
prognostic of increased risk of HRMM include: being confined to bed, not leaving
home daily, and being unable to care for oneself [36]; various general indicators of
being socially isolated (e.g., living alone, presence of or frequency of social con-
tacts, or linguistically isolated) [36—40]; and persons who are socioeconomically
disadvantaged [36—40]. Interestingly, some studies have indicated the higher risk
associated with socioeconomic factors exists for American but not European cities
[41], although in France during the 2003 heat wave, for older adults income was
associated with greater risk of mortality [42]. Dehydration in general and dehydration
associated with medications (neurological and non-neurological) that impair ther-
moregulation or thirst regulation were also significantly associated with elevated
risk of mortality during the 2003 heat wave in France [43]. Factors associated with
lower risk include air conditioning (as indicated by air conditioning saturation in a
community or evidence of functional/used home air conditioning), visiting cool
environments, and increasing social contacts [36, 44].

Environmental Health Multiple-Determinant Model
of Vulnerability

Multiple (or Multi-) Determinant Models (MDM) are increasingly being used
(qualitatively and quantitatively) to evaluate complex multifactorial chronic disease
processes and incorporate consideration of a broad range of risk factors, especially
host factors and social determinants of health. This approach is consistent with a
paradigm shift by major public health organizations (e.g., WHO, US NIH, and
CDC) from a model that just focuses on the determinants of health and disease at
the individual level to a holistic model that considers the individual and populations
within the context of their physical, societal/cultural, and economic environments
across the lifespan [45, 46]. As is the case for complex diseases, complex environ-
mental problems require a holistic approach. Figure 6.1 presents a schematic of the
Environmental Health Multiple-Determinant Model of Vulnerability (MDMpv),
which is proposed here as a conceptual framework to evaluate the global health
impacts of climate change in general, and for the purposes of this chapter ambient
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Fig. 6.1 Schematic of the Environmental Health Multiple-Determinant Model of Vulnerability.
The premise of the model is that, as for most public health issues, there are disparities in how and
the extent to which physical environmental factors (e.g., heat, air pollution, water quality/access)
impact different populations and subgroups. Further, the health impacts of environmental factors
on populations, begins with impacts on individuals, and in a lifetime everyone passes through
stages and degrees of vulnerability, with potential lifetime cumulative influences (positive and
negative) affecting risk. Vulnerability is greatest among individuals (or subpopulations) who are
most biologically susceptible and who have the largest exposure to one or more environmental
hazards (depicted by Venn diagram). Vulnerability for development and severity of heat stress/heat
strain and subsequent risk of illness or death (whether considering individual risk or population
risk), is a function of complex interrelationships among biologic factors, including those that con-
fer innate biologic sensitivity and/or resilience to an environmental insult (e.g., sex, race/ethnic-
ity, oxidative stress, nutritional status, comorbidities and related treatments, and genetics/
epigenetics); physical environment and exposure characteristics (e.g., physical/chemical nature of
the exposure, duration and dose, coincident environmental stressors (such as water and/or food
scarcity, air pollution)); and the social, behavioral, and economic factors that may influence (or be
associated with) both biologic response and exposure (e.g., access to healthcare, social isolation,
location-time-activity patterns, disparate neighborhood exposure levels)

heat in particular. Vulnerability factors and their relative importance may differ at
the individual and population levels and at different geographical scales or geopo-
litical domains, and there can be cross-scale interactions among factors. Furthermore,
the presence and importance of a given factor or factors can change over time,
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Table 6.2 Determinants of heat-related morbidity and mortality
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Susceptibility :
iologi i linical Factors:

Age (< 5 years, teens, = 60 years)
Sex/Gender
Race/Ethnicity
Genetics/Epigenetics
Health Status

Dehydration/hypohydration

Nutrition

Physical Fitness

Obesity/Overweight

Oxidative Stress & Inflammation
Communicable Diseases:

Water- & food borne diseases (Diarrheal)

Influenza & other acute viral infections
Chronic Diseases:

CVD, respiratory (asthma, COPD),

diabetes, renal insufficiency,

immunologic disorders,

neurologic disorders, mental illness
Medications & Pharmacologic Agents

Clinical management of chronic disease
Access, adequacy, quality of care

Physical Environmental Factors
Temperature, Humidity
T Long-term Average Temperature
T Freq. Hot Days/Nights
T Freq. Heat Waves/Extreme Heat Events (EHE)
7 Intensity, duration, geographic extent EHE
1 Freq. Cold Days/Nights
Sub-regional/local scale influences on
meteorology
Topography
Coastal (e.g., cloud cover) & sea surface temp.
Land surface characteristics
(e.g., soil moisture, irrigation, vegetation)
Built environment (e.g., impervious surfaces)
Coincident Challenges
Air Pollution (additive, synergistic): ozone, MVE
Water Quantity/Quality
T Heavy Rainfall Events
(without T in total annual precipitation)
1 Snowfall & Snow pack
1 Mountain Glaciers
T Drought (Areas, Freq. & Duration)
1 Soil Moisture (Met. Feedbacks)
T Extreme High Sea Level (Storm surges)

y 4 h

/ Factors that Modify Exposures \
Location-Time-Activity Patterns
Age-related differences: Children, older adults
Time(s) outdoors & indoors
Physical or cognitive development or impairment
Built Environment — Outdoor & Indoor Factors
Impervious surfaces
Community Design (Trees/vegetation, land-use)
Building Age, type, condition, heating/
cooling systems (presence/usage), indoor air
quality & ventilation

Social/Cultural/Behavioral/Economic Factors

Demographic

Age

Gender/Sex

Race/Ethnicity

Education

Economic

Built Environment

Location-Time-Activity Patterns

Building Age, type, condition, heating/

cooling systems (presence/usage)

Time-outdoors (work, leisure activities)

Community-level factors (e.g., design,
assets such as parks)

Disparities (and consequences of
disparities) in quality of indoor
environments: residences, schools, work

Social/cultural influences
(clothing, climate-influenced behaviors)

Lifestyle Factors

Physical activity (daily-living activities;
exercise (recreational))

Water/diet/nutrition: quality, quantity,
subsistence cultures’ food sources

Psychosocial support

Living conditions (e.g., alone & isolated,
crowding)

Psychosocial stress

Community infrastructure

affecting one or more scales differently. Table 6.2 lists observed and putative
determinants of vulnerability for HRT and HRMM; selected factors are discussed

further above.

Biological Adaptations to Heat Stress and Susceptibility
and Pathophysiology of Heat Illness

To facilitate the understanding of the potential source of biological susceptibility,
this section provides an overview of the normal physiologic responses involved in
maintenance of thermal homeostasis (thermoregulation and acclimatization) and
cellular adaptations (thermotolerance), and the pathophysiological consequences
when the body’s heat load exceeds its cooling capacity. It is beyond the scope of this
chapter to provide detailed information on the prevention, diagnosis, and treatment
of HRI (or of other heat-related morbidity) in the general or vulnerable populations;
in addition to authoritative medical texts, that information is available from other
sources, including for the general population [47], and for older adults [48-50],
infants and children [39, 51-53], athletes [39, 54], the occupationally exposed
[55-58], persons with alcohol, drug and mental health disorders [59], and those taking
medications (neurologic and non-neurological) [43].
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Thermoregulation, Acclimatization, and Thermotolerance

Thermoregulation is a collective of mechanisms, behavioral and physiological, by
which humans (and other homeotherms) maintain thermal homeostasis, and avoid
development of, or minimize the adverse consequences of heat stress (see Table 6.1).
Behavioral Thermoregulation ultimately aims to reduce exposure by modifying
the microclimate (e.g., through clothes, buildings (residence and work), air condi-
tioning) and by modifying location-time-activity patterns. The focus here is on
Physiological Thermoregulation, which involves integrated biological processes
that serve to balance the body’s heat gain (from internal heat generated via mechani-
cal work (i.e., physical activity) and basal metabolic processes, and/or gained from
environmental heat exposure) and heat dissipation to the environment so as to main-
tain the core body temperature (7,). The T, is the operating temperature of vital
organs in the head or trunk and must be maintained in a narrow range 3540 °C
(95-104° F) with an usual target temperature of 37 °C (98.6° F) at rest [1, 2, 4]. For
healthy subjects at rest there can be between- and within-subject variation of 7, of
up to about 1 °C due to a number of factors, e.g., diurnal fluctuations, menstrual
cycle phase, acclimatization to heat, exercise-related fitness level, and age-related
differences [2, 4, 60]. For most healthy (unclothed) humans at rest, ambient tem-
peratures of 24-29 °C (75.2-84.2° F) are thermoneutral, i.e., there is no heat trans-
fer between the body and the environment and basal metabolic processes generate
sufficient heat to maintain 7, at the target temperature [2, 4]. The summertime
ambient temperature range for thermal comfort (i.e., when an individual expresses
satisfaction with their thermal environment) is 23-27 °C (73.4-80.6° F) [61].

Heat balance (i.e., where heat gain equals heat dissipation) requires the continu-
ous transfer of energy, most of which is in the form of heat, across tissues within the
body, and between the body and the environment; the transfer of heat follows basic
laws of thermodynamics and has been well characterized and quantified in terms of
the heat balance equation [4, 61]. A simple form of the equation is shown here:

S=M +tK+C+tR-FE

(b+w) —

where S=net heat storage (in tissues); M =Metabolic heat production (basal metab-
olism (b)+mechanical work (w)); K=Conduction; C=Convection; R=Radiation;
and E=Evaporation.

There is continuous heat exchange between the body and the environment that
can be described and quantified by the Heat Balance Equation. Storage (S) of heat
is a function of metabolic heat (M) produced by basal metabolic processes (b) and
heat generated by physical activity (i.e., mechanical work (w) of which only a
portion of the energy generated is expended on the work itself), the gain or loss of
heat through conduction (K), convection (C), and radiation (R), and heat dissipation
through evaporation (E). (For an in-depth discussion of the quantitative aspects
of heat balance, see Wenger 2002 [4].) The flow of heat is from warmer to cooler
media. Within the body, the tissues store the heat, with tissue average temperatures
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and capacity to store and transfer heat varying by tissue type. For example, adipose
tissue (i.e., fat) has lower heat capacity [62, 63], and its conductivity is about
one-third that of muscle, with the rate of heat flow substantially slower (14 kcal/h
for fat and 40 kcal/h for muscle) [4]. Convective heat transfer is involved in the flow
of heat via the blood from working muscles to the core and from the core to the
surface tissues [2, 4]. Conductive heat transfer occurs between tissues that are in
direct contact, with the net heat flow from the core to the surface [2, 4]. Heat
exchange between the body and the environment is primarily through radiation,
convection, and evaporation (most important for dissipation of heat in warm envi-
ronments) with all three processes occurring at the skin, but only convection and
evaporation occurring in the respiratory tract (i.e., air is usually cooler and dryer
than exhaled air) [4]. Notably, for a person at rest, radiation (in the form of infrared
rays) is the primary pathway by which the body loses heat to the environment;
however, the temperature gradient between the skin and the environment influences
whether there is heat loss or gain via radiation. Heat gain from solar radiant energy
or from solid objects such as paved surfaces can be a significant contributor to heat
stress. Conduction usually plays a negligible role in body-to-environment heat
transfer; however, it has an important role in treatment of extreme hyperthermia if
the patient is immersed in a cool water bath (or shower) to facilitate rapid cooling
(with careful monitoring of patient 7, to prevent overcooling) [64]. Clothing can
significantly affect heat gain and heat loss (by impeding evaporation and heat
transfer) and can be a major contributor to uncompensable heat stress, for example,
in occupational workers wearing heavy impermeable clothing [4, 62].

Within a 1 °C rise in blood temperature, afferent heat receptors in the body core
and skin transmit signals to the central nervous system’s (CNS) primary thermo-
regulatory centers in the preoptic and anterior hypothalamus, where thermodetec-
tors sensitive to increases in their own temperature trigger an efferent response.
That response includes a suite of physiologic processes that ensure adequate energy
and oxygen while increasing flow of the heated blood from the core and working
muscles to the surface of the body from where the heat can be dissipated to the envi-
ronment, primarily by an increase in sweating (rate and the number of eccrine sweat
glands activated) [4, 65]. (Temperature receptors in other CNS sites (e.g., medulla)
also play arole, and there are thermal receptors outside the CNS, (e.g., in heart, and
pulmonary vessels) the role of which is not known [4].) Blood flow to the skin is the
result of active sympathetic cutaneous vasodilatation. Increased heart rate, cardiac
output, and minute ventilation rate facilitate the shift in blood to the body surface
[3, 65]. Efficiency of cooling by evaporation of sweat depends on the air velocity and
the water vapor pressure gradient between the skin and the air surrounding the body.
The greater the water saturation of air the less cooling can occur. For the thermoregu-
latory response to be sustained, there must be adequate water intake and electrolyte
supplementation to offset the losses [3, 4, 65].
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Heat Acclimatization and Thermotolerance

Repeated exposure to either passive-heat or exercise-heat stress with attendant
increases in 7T, leads to physiological adaptations, referred to as heat acclimatization
(see Table 6.1) that enhance perception of thermal comfort, increase work/athletic
performance, and ultimately mitigate risk of heat-related morbidity [1, 66, 67].
There are various definitions of Thermotolerance (aka thermal or heat tolerance) in
the literature; however, as defined by Moseley [67] it is “a cellular adaptation caused
by a single severe but nonlethal heat exposure that allows the organism to survive a
subsequent and otherwise lethal heat stress.” Thermotolerance is associated with the
presence (and upregulated gene expression) of families of heat shock proteins
(HSP), which protect cells and tissues from initial damage and accelerate repair if
damage occurs as a result of heat stress, as well as a variety of other insults [1, 67].
The HSP have different cellular locations and functions that include binding to and
processing of denatured proteins, management of protein fragments, maintenance
of structural proteins, and chaperone of proteins across cell membranes [1, 67].
Acclimatization and thermotolerance are usually considered separately, however,
there is evidence they are related through a shared dependence on the Heat Shock
Response [67, 68] or more broadly the Stress Response [67, 69]. In that context,
acclimatization can be viewed as a whole organism adaptation, of which thermotol-
erance—a cellular adaptation—is one part. After exposure to repeated heat-exercise
stress, there is a reduction in gastrointestinal barrier permeability (discussed further
in section on HRI pathophysiology), and there is an increase in cytoprotective
HSP70 along with a decrease in plasma levels of tumor necrosis factor-alpha (TNF-
a) and the pro-inflammatory interleukins (IL) IL6 and IL10, leading to lower levels
of cellular and systemic markers of heat strain [68]. It should be noted that the
complex array of cytokines involved in the systemic inflammatory response syn-
drome (SIRS) have both a role in promoting and resolving the SIRS [31].

Most of the information on acclimatization in humans is derived from sports
physiology or military medicine research on acclimation among young healthy
study subjects, usually males, that examined the immediate and/or adaptive physi-
ologic responses from short-term exposures to heat-exercise stress under experi-
mental (i.e., controlled) conditions. Short-term acclimation and acclimatization
reflect similar physiologic adaptations that develop (or decay in the absence of heat-
stress exposure) over a period of days to weeks [66]. There are very few published
studies of long-term acclimatization (or habituation), which occurs over a period of
years and reflects both the short-term physiologic adaptations and other usually
poorly characterized physiological, behavioral, and technological adaptations by
populations and individuals. There is also little published research on acclimation/
acclimatization in the general population or vulnerable subgroups, such as the
elderly, children, or those with chronic medical conditions.

When acclimatized, an individual’s metabolic rate and 7, are lower at rest,
accompanied by a lower heart rate, and under conditions of heat stress, there is an
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increase in stroke volume and blood/plasma volume, a reduced loss of electrolytes
in sweat/urine, and increased thermal tolerance (i.e., cellular stress protein adapta-
tions) [1, 65, 66, 68]. Among the physiologic adjustments that underlie those
changes are a lower T, threshold required for sweating to be initiated and the sweat
rate is greater per degree rise in 7., which enhances evaporative heat loss and the
ability to lower skin and core temperatures [4, 66]. Also, skin vasodilatation and
core-to-skin heat transfer is initiated at lower 7, and skin blood flow is higher for a
given T, [66]. The physiologic systems involved in acclimatization adapt at different
rates, with changes in heart rate and plasma volume occurring first, then the reduc-
tion in resting T, and finally changes to sweat and sweat rate [66].

The rate of induction of heat acclimatization is exponential with 75 % of the
adaptations occurring within about the first 4—6 days of heat-exercise stress expo-
sure and almost complete adaptation present after about 7-10 days [66]. One
recommended protocol to achieve acclimatization is a single-daily exposure of
about 100 min, with a work rate sufficient to increase T, to 38.5 °C (101.3° F) [66].
Moseley [67] has noted that passive heat exposure-induced hyperthermia is usually
associated with only partial acclimatization. Once heat acclimatized, unless there is
repeated heat-exercise or passive heat exposure(s), there is a decay in acclimatization
that can occur in as little as a week, with the decline in the different physiologic
systems’ adaptations occurring in reverse order of induction [66]. Depending on the
interval without exposure to heat stress, re-acclimation is more rapid than initial
acclimation. There is far less research on the time course of acclimatization decay
and re-acclimatization or the determinants of those rates. One rule of thumb has been
that for every 2 days without to heat stress exposure, there is 1 day of acclimatization
lost; however, more recent research suggests that decay occurs more slowly and that
at least for healthy young adults they can safely return to work or athletic competi-
tion after as long as a month away from heat stress conditions [66].

Adaptations associated with thermotolerance, i.e., the HSP response, are evi-
dent within several hours of heat stress exposure (messenger RNA levels peak
within the first hour) and increase for several days [1, 67]; however, the duration of
the adaptations is only for 2—7 days (in contrast to acclimatization which is indefi-
nite as long as a person has periodic mild elevations in T,) [67]. After the initial
exposure, HSP synthesis is a function of the intensity, duration, and cumulative
effects of subsequent heat-stress exposures [1]. Importantly, although passive heat
exposure and physical exercise can independently trigger HSP synthesis, there is a
greater HSP response when those two stressors are combined as compared to either
one alone [1].

It is important to emphasize that, although there is a paucity of data for the
general or vulnerable populations, it is known that the time required to acclimatize
or to see significant decay in acclimatization and to re-acclimatization can vary
substantially depending on an individual’s age, health status (especially by physical
fitness, obesity (adiposity), or cardiopulmonary diseases), and the type of exposure
(i.e., passive heat or heat-exercise exposure).
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Heat Stress-Related Morbidity and Pathophysiology
of Severe Heat-Related Illness

Any individual, regardless of age, sex, or health status, can develop heat stress if
engaged in intense physical activity and/or exposed to environmental heat (dry or
humid), especially if they are not acclimatized. If heat stress exceeds the physio-
logic capacity to cool and T, rises, then a range of heat-related symptoms and condi-
tions can develop. The medical conditions that result from heat stress/heat strain and
fall within the formal classification of Heat-Related Illness (HRI) represent a
spectrum that starts with relatively mild and easily treated illness (heat cramps, heat
edema, and heat syncope) and progresses in severity to heat exhaustion and then to
heat stroke, an extreme medical emergency. While the mild conditions may not be
life threatening, to prevent progression to more serious HRI, they should be treated
appropriately and taken as warning signs to immediately remove an affected indi-
vidual from the exposure situation. Table 6.3 provides an overview of the milder
forms of HRI; the focus below is on the most severe condition—heat stroke.

Table 6.3 Heat-related illness: heat cramps, heat edema, heat syncope, and heat exhaustion®

Heat cramps: severe painful cramping of muscles in the legs or abdomen are the hallmarks of
heat cramps, which result from electrolyte disturbance, most notably when plasma sodium
levels fall significantly below normal. Heat cramps are commonly caused by exertion, with
profuse sweating, and often occur during cool down after activity has stopped. Stopping
intense activity and consumption of drinks with electrolytes (e.g., some sports drinks) to
replenish fluid volume and electrolytes is usually sufficient treatment

Heat edema: swelling in the legs due to accumulation of fluids in the tissues; results from
prolonged dilatation of the small arteries in the legs, especially after prolonged standing or
sitting still in the heat. Treatment is to increase circulation (venous return) by alternating
between elevating the legs and gently moving them

Heat syncope: sudden loss of consciousness (fainting), usually preceded by light-headedness or
weakness, can result from orthostatic hypotension related to peripheral blood pooling. Loss of
consciousness can be prevented by sitting or lying down at the initial signs of illness
(dizziness, weakness)

Heat exhaustion: extreme depletion of blood plasma volume, which may be coincident with low
plasma levels of electrolytes, as well as peripheral blood pooling, can lead to heat exhaustion.
Core temperature may be in the normal range or slightly elevated but less than 40 °C.
Symptoms can include generalized malaise, weakness, nausea, vomiting, headache,
tachycardia, and hypotension. Although there can also be mild disorientation, the absence of
clear neurologic complications distinguishes heat exhaustion from heat stroke

If heat exhaustion is suspected, the recommended course of action is to immediately move the
affected individual to a cool environment and give them fluids supplemented with electro-
lytes. It may be necessary to actively cool the person by loosening clothing, increasing air
flow across the skin, for example with a fan while misting or wiping them down with cool
water, or placing ice packs on their extremities. Massage of extremities to mitigate vasocon-
striction associated with use of cold water or ice is usually recommended

aHeat stroke is the most extreme form of HRI and is discussed in main text
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Heat Stroke

Heat exhaustion may be the early stage of heat stroke [54], and within a 24-h period
if untreated, it can progress to heat stroke; thus, to prevent heat stroke and improve
patient outcome, treatment should begin at the first signs of heat exhaustion. Heat
exhaustion does not necessarily present with definitive symptoms, therefore it is
frequently misdiagnosed, commonly as acute viral infection, leading to delayed
treatment. Importantly, acute viral or bacterial infections coincident with heat stress
are implicated in increased risk of heat stroke [31], as well as sudden infant death
syndrome (SIDS) in infants who were also more heavily wrapped in clothing [70].
Heat stroke is typically divided into two types: “Exertional Heat Stroke” as the
name implies involves strenuous physical activity usually under high temperature
conditions to which the person was not acclimatized and usually affects healthy
older teens and young adults, such as athletes, occupational workers, and soldiers.
“Classic heat stroke”, by definition, does not involve exertion and usually affects
biologically susceptible individuals, such as infants and young children, the elderly,
persons with chronic illness and/or taking medications (prescribed or over-the-
counter), as well as persons with alcohol or drug dependencies and with mental
illness or neurologic conditions [43, 59]. It is imperative that measures be taken to
prevent and/or aggressively treat heat stroke, which, even if treated, can have a
crude mortality rate as high as 50 %, and a large proportion of heat stroke survivors
suffer permanent neurologic damage [3, 71]. Among 58 survivors of near-fatal
classic heat stroke that occurred during the 1995 Chicago heat wave, 33 % had sub-
stantial functional impairment at discharge from the hospital and had not improved
at 1-year follow-up [71]. The sequelae of heat stroke-related multiorgan system
dysfunction/failure (discussed below) can persist months or years after the initial
treatment thereby increasing the risk of mortality over the long term [31].

For both types of heat stroke, the clinical definition is when a person’s body core
temperature rises above 40 °C (104° F) and there are CNS neurologic complications
(e.g., initially headache, dizziness, and weakness followed by hallucinations, com-
bative behavior, coma, and seizures) [3, 31]. The more quickly the patient receives
treatment to bring down their 7, to 39 °C (102° F) or below (ideally within 30 min
of presentation [71]), and supportive therapies such as replacement of blood volume
and electrolytes are administered, the less likely are severe complications and the
better the prognosis [3, 31]. Although the clinical criteria and overall treatment of
both types of heat stroke are essentially the same, a number of differences in patient
characteristics, including signs and symptoms have been noted [65] that reflect the
population subgroups commonly affected and that may require medical interven-
tions specific to their unique physiology and medical status. For example, in classic
heat stroke sweating is usually absent, respiratory alkalosis is a dominant feature,
coagulopathies (i.e., disseminated intravascular coagulation (DIC)) is mild, and if
present rhabdomyolysis is rarely severe, whereas in exertional heat stroke sweating
is often present, respiratory alkalosis is mild, DIC is marked, and rhabdomyolysis
is severe [65].
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Heat-Related Illness: Pathophysiology

Over the past 2 decades, research has led to critical insights to the pathophysiology
of heat stroke [3, 31, 65]; based on that information, Bouchama and Knochel (2002)
proposed that heat stroke be defined as a form of hyperthermia associated with a
systemic inflammatory response leading to a syndrome of multiorgan dysfunction in
which encephalopathy predominates [3]. It has long been known that heat stroke is
associated with an overload of the thermoregulatory response, including reduced
capacity to increase cardiac output due to water and electrolyte depletion, cardio-
vascular disease, or medications or alcohol and illicit drugs, that affect cardiovascu-
lar, respiratory, or neurologic function [3, 43, 59]. As the T, rises above 40 °C
(104° F), there is tissue injury, with the extent of injury a function of the level and
duration of heating [3]; the acute injury triggers the acute phase response (APR).
It is now recognized that an upregulated APR and oxidative stress (likely both a
precipitant and a downstream consequence of the APR) and possible altered expres-
sion of cytoprotective HSP are central to the pathophysiology of heat stroke [1, 3].
The cytotoxic effects of heat and the APR-associated inflammatory and coagulation
responses of the affected individual contribute to the multiorgan injury [31]. As noted
above, as part of the normal thermoregulatory process in response to hyperthermia,
i.e., increased T, the circulation of blood is shifted to the skin and working muscles
and away from vital organs, including the gastrointestinal tract; this can lead to
ischemia of the gut and intestinal hyperpermeability. An emerging body of evidence,
primarily from animal models, indicates that endotoxemia resulting from intestinal
hyperpermeability and leakage into the circulation may contribute to the progression
from heat stress to heat stroke [1, 3, 31, 65].

Within the scope of this chapter, it is not possible to review the literature on this
critical line of investigation linking heat stroke and the heat-stress response, oxida-
tive stress and systemic inflammation, and the complex interplay between the innate
and adaptive immune systems’ responses (see Leon and Helwig for an overview
[31]). However, it is important to note that over the past 2 decades a robust body of
evidence has linked systemic and/or organ-/tissue-specific inflammation and oxida-
tive stress pathways to: aging [72]; to the pathophysiology underlying a number of
chronic diseases and related conditions (e.g., atherosclerosis and cardiovascular dis-
ease) [73, 74], chronic respiratory disease (e.g., asthma and chronic obstructive
pulmonary disease (COPD)) [73, 75, 76], diabetes and obesity [77, 78]; and as
potential mechanisms by which ambient air pollution increases the risk of acute
exacerbations of those chronic diseases/conditions and/or contributes to their devel-
opment and severity [79-84]. Furthermore, oxidative stress may impair the protec-
tive heat shock response [30], potentially reducing thermotolerance and increasing
risk and severity of heat stroke. The implication of these observations is that indi-
viduals with chronic health conditions/diseases who already have high levels of
oxidative stress and chronic inflammation are at elevated risk of HRI [31], and that
this is an important underlying mechanism that contributes to the excess acute
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cardiovascular, respiratory, and diabetes cases associated with ambient heat. This will
be an important area of further delineation and research, as it also opens the door to
many more clinical and public health intervention options.

Vulnerable Populations: Determinants of Thermoregulatory
Capacity

The strongest and most consistent observations in epidemiologic studies have been
an elevated risk for HRMM among older adults, children, and people with chronic
diseases regardless of age. There are physiologic attributes specific to older adults
and children that affect thermoregulation (described below); however, recent literature
suggests age per se is not in of itself necessarily the major driver of risk, but rather
it is the common (often interrelated) correlates of age specific to these age groups
that contribute greater risk. Some of these factors are shared determinants of risk
(SDR), i.e., factors that impact these and other population subgroups.

Older Adults

Under resting thermoneutral conditions, older men and women have been reported
to have lower 7, than younger adults; however, after accounting for factors such as
nutrition, comorbidity, and medication effects, the differences in T, related to age
essentially disappear [49]. The number of sweat glands and sweat gland function, in
particular the amount of sweat produced per gland, diminishes with aging [49].
Sweating rate of older adults has been reported to be diminished under passive heat
exposure; this appears to be a function of maximal oxygen uptake (VO,,,x; a mea-
sure of aerobic capacity) rather than chronological age [49]. Chronological age-
related reductions in skin blood flow do occur (attributed to reduced superficial
microvasculature), accompanied by lower cardiac outputs and less redistribution of
blood flow from the splanchnic and renal circulations [48, 49], with some yet to be
understood sex differences in the central cardiovascular changes observed under
conditions of heat stress [49]. Overall with age there is potential for greater heat
gain and a diminished capacity for heat dissipation, especially via evaporation, as a
result of the changes to sweating capacity and cardiovascular function noted above
and an increase in body mass (and associated increase in adiposity). The greater the
body mass, the more heat is generated for a given activity level [48], and the smaller
the surface area to body mass ratio so cooling capacity is diminished. In addition to
adipose tissue acting as insulation and impeding heat exchange, there are less heat-
activated sweat glands found in skin covering adipose tissue [48]. Importantly, with
aging peripheral and central thermosensor neurons are less sensitive and respond
less effectively to temperature changes, with the result that elderly have a decreased
perception of heat along with less effective heat dissipation mechanisms [48], which
together has important implications for HRMM risk and prevention.
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A number of chronic medical conditions disproportionately affect older adults
and predispose them to heat illness.(48) Cardiovascular disease is the most impor-
tant, with direct effects on thermoregulatory mechanisms and capacity, e.g., heart
failure and myocardial infarction affect cardiac output and potentially cutaneous
vasodilatation. Atherosclerosis, hypertension, and type II diabetes mellitus reduce
vascular compliance and can directly affect thermoregulatory capacity [48]. Chronic
respiratory diseases, such as COPD and asthma, can impair thermoregulatory capac-
ity (due to diminished ability to provide sufficient oxygen to support increased
energy demands) and contribute to hypoxemia that amplifies tissue damage and the
risk and severity of heat stroke. Reduced fluid and electrolyte retention and dehy-
dration are associated with aging-related renal insufficiency and with diabetes (type
II diabetes mellitus, diabetes insipidus)-related renal damage and impaired renal
function. Hypohydration and dehydration are common among older adults, who in
addition to changes in renal function also experience a decreased sense of thirst, or
to manage bladder control problems they (or their caregivers) may limit their fluid
intake [50]. Obesity and/or lower lean body mass are common among the elderly,
and as described above can directly affect thermoregulation and risk of HRI. And
as noted above, cardiovascular and respiratory diseases, diabetes, and obesity/
overweight are associated with elevated oxidative stress and chronic inflammation,
which can contribute to pathophysiology and risk of heat stroke. Hyperthyroidism
(via increased metabolic heat production or hyperpyrexia), and extensive skin
damage or disease, can also directly affect thermoregulatory mechanisms [48].
Neurologic and psychiatric disorders that disproportionately affect older adults may
directly impact CNS thermoregulatory centers and efferent responses and/or con-
tribute to behaviors (e.g., wearing excess clothing or not removing themselves from
excessive heat exposure) and social conditions (e.g., being socially isolated) that
increase the risk of HRI [48]. A point of concern for the elderly, and an area that has
not received much consideration in the context of direct or indirect influence on
HRI, is nutritional deficiencies, such as inadequate intake of antioxidant-rich foods.
Many of the above conditions occur concurrently, with complex physiologic and
clinical interrelationships, including treatment and disease management that further
complicates delineating a clear path to HRI risk prevention strategies. For example,
recommendations to increase fluid intake to prevent hypohydration/dehydration
may be contraindicated for a person with heart failure or with renal failure on hemo-
dialysis. Medications may play a critical role in altering risk for HRI [43, 59]. While
the literature focuses on increased risks of HRI and HRMM associated with
commonly prescribed or over-the-counter medications, there may also be protective
effects afforded by medications, such as anti-inflammatory agents.

Infants and Children

A number of studies point to increased risk of HRMM among children, especially
those less than 5 years of age [14, 41, 85] and adolescent athletes [86]. Heat stroke is
the third leading cause of death among high school athletes in the United States [86].
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Most of the information on heat stress and HRI in children is in the context of
exercise and physical activity, which by default focuses on school-aged children
(e.g., =5 years of age). Despite the epidemiological evidence pointing to infants and
very young children being at especially high risk, there is a paucity of literature that
discusses thermoregulation or risk factors (other than extreme exposures such as
being left in a car) for HRI in this age group, especially infants. There is a rich litera-
ture on hypothermia in neonates and on SIDS. From birth through age 3 months, an
infant’s metabolic rate increases, the ratio of body mass to surface area increases,
and at 3 months there is a thicker layer of subcutaneous fat which together shifts
thermal balance towards heat conservation [87]. Some research on SIDS has pointed
to a combination of ambient heat and concurrent viral infection in conjunction with
excess covering (e.g., blankets or clothing), especially of the head where 40 % of
heat production and 85 % of heat loss occurs in an infant in bed (elevated head/brain
temperature could affect thermoregulation and respiratory control); the risk of SIDS
was greater in infants older than 2-3 months as compared to those younger [70, 87].
It was suggested that an increase in metabolic rate associated with viral infection in
the older infants reflected an acute phase response, which would not be as well
developed in some younger infants [70].

There are physiological differences between children and adults, including
morphologic, metabolic, cardiovascular, and sweating capacity that traditionally
have been viewed as conferring less thermotolerance and greater risk of heat stress
and HRI among children [52, 88]. Children (past early infancy) have a higher body
surface to mass ratio which can increase heat gain from the environment (when
ambient temperature is greater than skin temperature), and depending on the water
vapor pressure of the air (or humidity) evaporative cooling by sweating may not be
sufficient to compensate for that gain. Younger children are less metabolically
efficient when walking or running such that their oxygen consumption and heat
production is greater than that of adults engaged in a similar level of activity, thus
potentially increasing heat strain. (This is less of a factor for non-weight-bearing
exercises such as cycling or rowing [52]). When children are exercising in heat, heat
convection to the body surface (and cooling) may be compromised (relative to
similar heat loads in an adult) as a result of the combined cardiac output demands of
working muscles and of moving blood to their larger body surface area. Under
similar conditions of ambient heat children have a higher skin blood flow (and
peripheral vasodilatation), which compromises venous return and in turn cardiac
output and potentially thermoregulation and/or exercise performance. The greatest
difference between children and adults is their sweating rates (absolute, relative to
body surface, and per gland), and there are apparent sex differences, with lower
sweat rates more pronounced in boys compared to men, than in girls compared to
women [52]. Children also take longer to acclimatize than do adults [53].

Based on recent research, it has been suggested that due to compensatory mecha-
nisms children’s thermoregulatory capacity may be more similar to adults than
traditionally accepted, at least under less extreme environmental conditions [52, 89].
This position has been adopted in the 2011 revised American Academy of Pediatrics
Council on Sports Medicine and Fitness and Council on School Health Policy
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statement-Climatic Heat Stress and Exercising Children and Adolescents [89].
A number of risk factors for exertional HRI (heat exhaustion and heat stroke) other
than age-specific differences in thermoregulation were identified, including: current
or recent illnesses that alter hydration status or thermoregulation (e.g., gastrointes-
tinal illness and/or fever); chronic clinical conditions (diabetes insipidus, type II
diabetes mellitus, obesity, juvenile hyperthyroidism (Graves disease), and cystic
fibrosis); medications (e.g., dopamine-reuptake inhibitor to treat attention deficit/
hyperactivity disorder or enhance performance, or diuretics); any other acute or
chronic medical condition or an injury that affects water-electrolyte balance, ther-
moregulation or exercise-heat tolerance; and lastly Sickle cell trait, which can con-
tribute to risk and severity or complications of HRI [89].

Chronic respiratory diseases (allergic airways diseases and asthma), and obesity
and associated with it type II diabetes mellitus have reached epidemic proportions
among children, especially in developed nations. (In developing nations obesity is
also epidemic; however, there are complex interrelationships between malnutrition
in children and obesity in adults [90]). The pathways by which these conditions can
amplify risk of HRI or HRMM in children are for the most part the same as noted
above for the general population and older adults and will not be revisited here.
However, in the context of climate change and the projected increases in ground
level ozone (a potent oxidant), it is also important to note that children are especially
vulnerable for developing chronic respiratory disease. They are biologically more
susceptible due to their developing respiratory tracts and immune system, and they
have potential for greater exposures and doses of air pollution as their breathing
rates relative to body size are greater than adults, and they spend more time outdoors.
In a cohort of children in southern California, participation in three or more team
sports (an indicator of intense physical activity outdoors) in communities with high
ozone was associated with a threefold higher risk of developing new onset asthma,
as compared with children playing no sports. No effect of sports was observed in low
ozone communities [91]. In another study of children with asthma, anti-inflammatory
medication was observed to modify (diminish) the effect of air pollution on asthma
symptoms [92]. There is also accumulating evidence that dietary intake of antioxi-
dants (e.g., vitamin C), and specific genetic polymorphisms that are associated with
antioxidant capacity, independently and/or jointly can modify the effects of ozone
on children’s lung function and growth [93, 94].

Determinants of Thermoregulatory Capacity:
Additional Population Subgroups

Sex/Gender

Epidemiologic studies have yielded heterogeneous results when sex/gender is
considered as a risk factor for HRI or HRMM. Most past research on thermo-
regulation has been in young healthy men and has not explicitly examined
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thermoregulation in women or sex-related differences in men and women. A review
by Kaciuba-Uscilko and Grucza [60] concluded that despite a smaller sweating
response to heat load in women than in men, there are no substantial sex differences
in the effectiveness of thermoregulation, except those that resulted from differences
in body size and composition and physical working capacity. They noted there
were sex-hormone-related fluctuations in body temperature and some thermo-
regulatory processes during the menstrual cycle and in menopause; however, the
mechanisms by which sex hormones affect thermoregulation require further study.
To the extent there is differential distribution of predisposing chronic conditions/
diseases or that lifestyle factors and location-time-activity patterns differ among
men/boys and women/girls, the impacts of ambient heat and risk of HRMM would
be expected to differ.

Race/Ethnicity

A review of temperature regulation and ethnicity by Lambert and colleagues (2008)
[95] provides insights to variation in physiological traits across human populations
that developed over the long term as a function of different climatic conditions.
They noted the evidence suggests the differences reflect phenotypic rather than
genotypic variation [95]. As in the case of sex-related differences in risk, differen-
tial distribution of predisposing chronic conditions/diseases across race/ethnicities
also would affect the impacts of ambient heat. Disentangling the complex relations
between physiological and morphological characteristics (and potentially the
underlying genetics) that affect thermoregulatory capacity in warm/hot climatic
conditions, from the social, behavioral, economic, and environmental determinants
of health that affect overall health (resiliency) and risk of HRI and/or HRMM
poses significant challenges. There are both challenges and research opportunities
afforded by the increasing ethnic diversity of many nations resulting from modern
migrations facilitated by population mobility.

Genetics/Epigenetics

Research on genetic polymorphisms and epigenetic processes that modulate
(increase/diminish) susceptibility to physiological heat stress, oxidative stress, and/
or the heat shock response associated with environmental challenges (e.g., heat, air
pollution, toxins) or specific diseases/conditions and subsequent risk and severity of
heat illness are areas of intense investigation [96, 97]. This research offers future
promise of identifying the most at-risk individuals and subpopulations to target
interventions for prevention. It may also provide more definitive insights to a bio-
logical basis for observed variation in risk of HRMM among different race/ethnic
groups or between females and males.
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Global Environmental and Societal Challenges Affecting
Population Vulnerability

Global warming, in addition to increasing land surface average temperatures and
frequency of EHE that are of greater intensity and duration [5], will also lead to
other concurrent environmental changes, such as increased occurrence of droughts
and extreme precipitation events, to sea level rise and higher storm surges, and to
higher levels of air pollution, most notably ozone [6], the independent and joint
effects of which will significantly affect the ability of ecosystems and human popu-
lations to cope with changes in temperatures. From a global health perspective, the
most important coincident challenge will be hydrological system perturbations and
downstream consequences on water and food security, and energy production and
distribution (e.g., due to infrastructure damage), which have direct and indirect
impacts on individuals’, populations’, and societal adaptive capacity. Of critical
importance is that not only will there be coincident challenges to health within a
given region, there is mounting scientific evidence that synoptic climatic processes
are leading to coupled extreme weather events in distant regions. For example, EHE
and extended droughts in Russia have been climatically tied to extreme precipitation
events in Pakistan [98]. Among the effects these extreme weather events have locally
are impacts on water availability and quality, and on crop production. A related
concern is there is high confidence that many semiarid areas (e.g., the Mediterranean
Basin, western United States, southern Africa, and northeastern Brazil) will experience
decreased water resources [6]; many of these areas are among the most productive
agricultural regions globally. Thus, not only is water and food security impacted
within each affected region, the overall capacity for the international community to
provide aide to any one region is diminished due to multiple regions being affected
and potentially needing aide at the same time.

While global warming discussions usually note average global increases in
temperature (land and ocean), at the local and subregional scales (e.g., subcommunity,
community), there exist large variations in land surface temperatures—averages and
excursions above averages (variability), and with climate change the degree to
which temperature will increase in a given location will also vary and not always
predictably. For example, climate models predict that year-round average tempera-
tures throughout California will keep increasing with warming more pronounced in
the summer than in the winter season, and depending on the general circulation
model (GCM) and greenhouse gas (GHG) emissions scenario, the summer (July—
September) increases range from 1.5 to 6 °C (2.7-10.8 °F) [99]. Also predicted is
greater warming in inland areas, as compared with coastal locations (within ~50 km
of the coast) with the increase as much as 4 °C (7.2 °F) higher in the interior land
areas as compared to the coast [99]. As elsewhere, the frequency, intensity, duration,
and geographic extent of EHE are predicted to increase in California; a trend already
evident in the past decade along with the emergence of EHE characterized by
higher humidity and higher minimum (overnight) temperatures [10]. Urbanization/
suburbanization accounts for areas with the largest increases; however, there are also
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many rural areas that have experienced substantial temperature increases [99, 100].
That noted, the urban heat island effect can contribute to ambient temperatures being
more than 10 °C higher than neighboring rural areas. Among the factors that con-
tribute to this phenomenon is greater heat generation from local sources such as
vehicles and other machinery; dark surfaces with low albedo (i.e., reflectivity) that
absorb and reradiate heat; low vegetation density and commensurate reduction in
capacity to cool through evapotranspiration; and layout and design of buildings and
other structures (e.g., urban canyons, height) that result in heat retention [101, 102].
Interestingly, independent of climate zone, metropolitan population size or rate of
metropolitan population growth, over the last half century the rate of increase in the
annual number of EHE was reported to be greater in metropolitan regions character-
ized by greater urban sprawl compared with more compact metropolitan regions
[101]. The primary mechanism attributed to this observation was the rate of defor-
estation in more sprawling areas and the associated loss of regional vegetative land
cover [101].

Human populations are not just facing unprecedented environmental changes but
also global societal and demographic shifts. Key among the societal changes is the
migration from rural communities to densely populated urban locations where in
addition to higher temperatures there are other challenges to health [103]. In develop-
ing nations, migrants tend to be poor and frequently end up in “irregular settle-
ments” where there is little or no heath protective infrastructure such as sewer
systems and reliable potable water sources [29, 104]. In these settlements, as well as
many other urban and rural communities in developing nations, water- and food-
borne diseases, especially diarrheal diseases among infants and children under 5
years of age, remain a leading cause of illness and premature preventable deaths,
despite the eradication and improved management of many communicable diseases
that have been achieved globally [105]. Even in developed nations, populations that
are economically disadvantaged (and/or medically underserved) or displaced
(e.g., due to natural disasters) are also at elevated risk of communicable diseases, as
was seen in the aftermath of Hurricane Katrina in the United States [106]. Diarrheal
and other communicable diseases, including intercurrent infections, can predispose
affected individuals to heat stress and HRMM [3, 71, 89]. Wherever populations
reside, work, or recreate, insufficient access to potable water increases the risk of
hypohydration and dehydration and in turn to increased risk of heat stress and
HRMM in general and HRI in particular.

Strategies to Reduce Vulnerability and Incidence
of Heat-Related Morbidity/Mortality

As noted at the beginning of this chapter, the existent and projected large public
health and healthcare burden associated with ambient heat requires that the
emergency response approach to EHE be augmented with strategies that reduce
individual and population risk of HRMM over the full range of ambient heat
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conditions. Effective policies and interventions require knowledge, not assumptions
about who is at risk, the drivers of that risk, and where and when those determinants
of risk are greatest, as well as the efficacy of risk-reduction strategies. Within the
framework of an Environmental Health Multiple-Determinant Model of
Vulnerability (Fig. 6.1; Table 6.2) that incorporates knowledge from different disci-
plines, it is possible to identify the factors that independently or jointly confer
increased (or diminished) risk of HRMM within the general population and within
or across specific subpopulations already identified as vulnerable. In addition to
developing/implementing evidence-based Extreme Heat Event and Warm Season
Heat Preparedness and Response Action Plans, two other overarching and interre-
lated strategies are self-evident: Promote Good Health & Access to Quality
Healthcare (reduces risk and increases resiliency) and Reduce/Manage Potential
Exposure(s) (individual, community) to Ambient Heat and Other Physical
Environmental Stressors. To be efficacious and resource-efficient, all three strate-
gies require a coordinated “top-down” and “bottom-up” approach involving govern-
ments, nongovernmental organizations, communities, and strong partnerships with
diverse stakeholders (e.g., public health officials, healthcare and social service
providers, educators, athletic coaches, and other private sector participants such as
faith-based organizations). The translation of those broad strategies to specific
actions is where careful integrative considerations of the multiple determinants
of risk becomes most critical, and the implementation is most challenging, espe-
cially in light of climate change-related environmental shifts. The discussion below
primarily focuses on examples of translation and integration in the context of the
two overarching strategies and heat-health action plans.

Promote Good Health and Access to Quality Healthcare

The above overview of normal thermoregulatory processes, pathophysiology of
severe HRI (heat stroke), and the characteristics of older adults and children that
affect their risk for HRMM highlighted key points of knowledge. Most notably, the
recurrent theme for both age groups (with special considerations for infants) and
applicable to other age groups is that individuals (females and males) who are more
physically fit, have greater percent lean body mass, are adequately hydrated, and are
not afflicted with a chronic disease (especially cardiovascular, respiratory, neuro-
logical, renal, or diabetes), and do not have an acute intercurrent infection, are less
biologically susceptible to HRI and HRMM because they have the physiological
reserves to experience moderate-to-extreme heat stress and heat strain and still
maintain thermal homeostasis, with less cell and tissue damage, and low risk of
acute cardiopulmonary events or other complications of heat strain. In addition,
physiological acclimatization can further reduce susceptibility and enhance resilience
to heat stress/heat strain. Although far from being fully elucidated in the context
of the sequelae from heat stress to heat exhaustion and heat stroke, a biological
mechanism that unifies these observations in the healthy heat acclimatized
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phenotype is a lower level of oxidative stress and less chronic low-grade inflammation
and potentially modulation of the acute phase response and stress response (e.g.,
downregulation of pro-inflammatory cytokines and upregulation of HSP response)
that together confer greater thermotolerance. Beyond thermotolerance there may be
important co-benefits of enhancing the HSP response. HSP have the potential to
alter obesity-induced insulin resistance (via preventing inflammatory disruption of
insulin signaling), and lower HSP expression has been observed in human diabetes
patients [78]; thus maintenance of HSP expression may be a pathway by which
insulin resistance and diabetes are or could be improved with exercise [78] (and
potentially exercise-heat acclimatization protocols).

Thus, the broadest recommendation to diminish HRMM across an entire population
over the long term, with near-term benefits, is to invest in and capitalize on public
health programs and interventions that aim to improve health and prevent/manage
common chronic diseases, especially through improved nutrition and increased
physical activity, as well as prevent/manage communicable diseases with specific
consideration of the impacts (e.g., via dehydration, fever) on risk of HRMM.
Integral to achieving that overall aim is to ensure access to healthcare (especially
preventive medicine), and ensure clinicians and other healthcare service providers
or points of patient contact (e.g., pharmacists) are informed about the HRMM risk
factors relevant to their patients and measures that can be taken to manage that risk.
This approach can contribute significantly to reducing the pressures on the public
health infrastructure created by the global demographic trend towards older popula-
tions, and the global increase in prevalence of chronic diseases and obesity, as well
as climate change.

Reduce/Manage Potential Exposures to Ambient Heat
and Other Physical Environmental Stressors

Achieving “good health” and reducing HRMM, especially as the climate changes,
will require concurrently addressing physical environmental stressors. In addition
to advocating for and investment in pollution prevention programs at all geopolitical
scales, specific actions need to be developed/implemented to reduce potential expo-
sures (to heat, chemical and/or infectious agents) experienced by populations and
individuals at the local scale. For example, when making the recommendation to
increase physical activity (e.g., to manage weight), assuming the majority of the
population does not have options to exercise in indoor locations (with healthful
environmental conditions), there also has to be guidance on minimizing exposure to
ambient air pollution, which can vary substantially temporally (e.g., diurnally and
seasonally) and spatially at the local scale (e.g., neighborhood-to-neighborhood,
proximity to a roadway), as well as provide advice to avoid the hottest time of the
day (which usually is also coincident with the highest ozone levels). If the individual
has compromised health, even if an apparently relatively benign condition such as
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being overweight (but not obese and with no other health problems), or if they are
taking medications that predispose them to heat stress/heat strain, they need to be
alerted to their potentially heightened susceptibility to heat strain and risk of HRI or
HRMM. Warnings to acclimatize before engaging in outdoor physical activities
need to be accompanied by specific guidance on how to acclimatize. Such guidance
is available for athletes (e.g., see Bergeron [89]); however, few if any of the docu-
ments that recommend acclimatization specifically address the issue of co-exposure
to air pollution or aeroallergens. Currently there is little or no published quantitative
information that specifically outlines or provides the basis for acclimatization
protocols (that consider both exercise-heat exposure and passive heat exposure) for
the general healthy population or subgroups defined by age and/or specific health
conditions. This is an area of investigation that should be a priority.

Access to an air-conditioned cooler environment has consistently been associ-
ated with lower risk of HRMM over usual summertime and extreme heat conditions
[22, 27,71, 107, 108]. And during EHE, recommendations to use air conditioning
or move to an air-conditioned location, including public access cooling centers,
have become a cornerstone of HRMM prevention strategies. There are however a
number of potential pitfalls to this strategy. Even in developed nations, the energy
generation and distribution infrastructure may not be able to support energy demands
during EHE of long duration and large geographic extent, especially if there is
increased penetration of AC into homes and businesses. During the 2006 California
heat wave that also affected other western states (that can share energy resources
with California), there were near failures of the power supply, with some areas
experiencing brownouts. If there are coincident extreme weather events such as
hurricanes or storm surges, the energy infrastructure, including power plants, is at
risk. In consideration of climate change and the need to reduce GHG emissions,
unless sufficient (truly non-polluting) “green energy” is available, reliance on air
conditioning may be counterproductive for health in the near and longer term.
Public gathering places, such as older schools or workplaces, and eldercare residen-
tial facilities often do not have air conditioning, even in developed nations. Many
populations (e.g., in irregular settlements) or individuals within populations (e.g.,
urban or rural poor in older residences) do not have nor is it feasible for them to have
and/or use an air conditioner. A related concern is that the recommendation to avoid
heat exposure by going indoors is not universally protective due to highly variable
indoor heat and air quality conditions. Furthermore, by avoiding any heat exposure,
the opportunity for acclimatization is diminished.

With respect to recommendations to minimize heat exposure, a critical caution
regarding the use of fans is warranted. It is not recommended to use fans to prevent
an individual from becoming overheated under certain climatic conditions of high
humidity (greater than about 33 % relative humidity) and high temperatures
(i.e., temperature is >32.3 °C (90° F)); when temperatures are above 37.8 °C (100° F),
fans may actually contribute to heat stress and subsequent illness (37). However, the
use of a fan in conjunction with wetting down the skin of a person showing signs
of heat stress or illness can facilitate evaporation and the cooling process.
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Clearly, completely abandoning air conditioning as a solution for HRMM
prevention is not recommended or feasible. However, more sustainable strategies
that focus on reducing heat exposure by modifying the built environment to mini-
mize heat gain (inside buildings and outside) and maximize heat loss and transfer
from inhabited areas can reduce the need for air conditioning. Increasingly national
and provincial municipal governments are developing/implementing sustainability
policies and plans that include improved community design and land-use planning
(e.g., increase green space, and rerouting of traffic to decrease vehicle miles trav-
eled), retrofitting existing buildings (e.g., with green roofs, energy efficient win-
dows), and replacing pavement with pervious surfaces. In addition to reducing
temperatures (and potentially air pollution exposures), many of these strategies also
promote increased physical activity and positively enhance the psychosocial envi-
ronment and livability of a neighborhood and community and ultimately improve
overall health [109].

Extreme Heat Event and Warm Season Heat Preparedness
and Response Action Plans

Formal EHE emergency response plans developed and implemented by government
organizations at the national, regional, and local levels can significantly reduce
HRMM. Comprehensive guidelines and considerations for designing and imple-
menting heat-health action plans focused on emergency response to EHE have been
developed by the WHO (Europe) [110]; the guidelines include principles and core
elements (summarized in Table 6.4) of a potentially optimum system to prevent
EHE-related HRMM that can be adapted to different geopolitical scales and infra-
structures. Rather than reiterating recommendations contained in that document, the
focus here will be on some of the issues related to enhancing HRMM risk-reduction
plans to improve their efficacy during EHE, as well as potentially extending their
application to an entire warm season.

The particular issues were identified after the 2006 California heat wave, when
the State’s Contingency Plan for Excessive Heat Emergencies was reviewed by
officials and scientists from public health and emergency response organizations
and the US National Oceanic and Atmospheric Administration’s National Weather
Service (NWS) with the aims to improve heat alert system(s) and emergency pre-
paredness and response, including medical resource planning, and the public health
messages and interventions especially those targeted to vulnerable populations.
Key gaps in information and limitations in prior studies upon which those systems
are based were identified. Among the major issues raised during the evaluation was
the need for local scale (i.e., subcommunity such as neighborhood or US census
tract) environmental and population data, and two key questions regarding criteria
for issuance of heat alerts, including: (1) Should the definition of a heat wave and
heat alert criteria be based on morbidity rather than mortality-response studies as
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Table 6.4 Principles and core elements of heat-health action plans as delineated by the World
Health Organization®

Principles

« Use existing systems and link to general emergency response arrangements

« Adopt a long-term approach

« Be broad (i.e., emergency response requires multiagency and multi-sector participation)

« Communicate effectively

« Ensure that responses to heat waves do not exacerbate the problem of climate change

« Evaluate (a key public health principle—evaluate efficacy of an intervention or strategy)

Core elements for implementation of an heat-health action plan

« Establish agreement on a lead organization

« Accurate and timely alert systems (i.e., heat-health warning systems to trigger weather-related
warnings, determine the threshold for action, and communicate risks)

o A heat-related health information plan (what to communicate, to whom, and when)

« A reduction in indoor heat exposure (medium- and short-term strategies)

« Particular care for vulnerable population groups

« Preparedness of the health and social care system

« Long-term urban planning

« Real-time surveillance and evaluation

*World Health Organization: Europe. Heat-health action plans: guidance. 2008. Copenhagen,
Denmark. http://www.euro.who.int/__data/assets/pdf_file/0006/95919/E91347 .pdf

currently done? and (2) Should the temperature indicator thresholds be lowered to
account for the HRMM that occurs during less than extreme conditions? Subsequent
considerations highlighted issue related to risk communication and engaging the
public. A discussion of these issues follows.

Local-scale population and environmental information (in urban, suburban and
rural areas) is required to identify high-risk locations and vulnerable populations
and individuals, as well as establish mechanisms to contact those individuals in
order for local government agencies (and nongovernmental organizations (NGOs))
to target public health and individual clinical or exposure mitigation interventions
and allocate resources to prevent HRMM. An example of why local-scale informa-
tion across the urban-to-rural gradient (i.e., not just urban areas) is necessary lies in
the fact that while only 6 % of California’s population lives in areas designated as
rural, the rural populations tend to be older, with about 20 % of Californians >65
years of age living in a rural area [111, 112]. The older adults residing in rural areas
tend to be less healthy, with higher rates of overweight/obesity, physical inactivity
and food insecurity, and less access to medical resources, than older adults living in
suburban areas; for a number of measures, rural older adults are more similar to
their urban counterparts than to those in suburban areas [111]. Prior epidemiologic
evidence of spatial heterogeneity in HRMM indicates that exposure-response rela-
tions derived from one community may not be applicable in another location [27],
which combined with differential distribution of vulnerable populations reinforces
the need for location-specific data at the finest spatial resolution possible. Community
vulnerability mapping, facilitated by the use of geographic information systems
(GIS) and advances in geospatial analysis, including methods of protecting
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confidentiality of individuals [28] is an important tool to identify at-risk populations,
determinants of risk, and evaluate efficacy of interventions through ongoing
surveillance.

The need for local-scale information partly informs the answer to the first
question. (Should the definition of a heat wave and heat alert criteria be based on
morbidity rather than mortality-response studies?) In general, administrative mor-
bidity data (e.g., emergency department contacts, hospitalizations) are less readily
available (especially for research) and there can be wide variation in quality and
content. However, when they are available, the benefits are that there are many more
observations representing a broader cross-section of the population, and heat-related
morbidity outcomes occur more frequently than deaths, providing significantly
larger sample sizes, which usually provides greater spatial coverage and density at
finer spatial resolution (e.g., patient residence Zip Code [postal code]). These attri-
butes facilitate evaluation of HRMM risk and vulnerability factors at a fine spatial
scale and the provision of local information. There are also good reasons for reliance
on mortality as an endpoint. Vital statistics death data are almost always available
and are collected with some degree of consistency, their use generally generates less
concern with issues of confidentiality, and there are long records across many years
lending them to time-series analyses and application of similar heat-mortality
modeling strategies in diverse locations. However, use of mortality data has the
implicit assumption that deaths represent the most extreme endpoint of a fixed chain
of events, i.e., people are exposed to heat, get sick, and then die, and those deaths
can (always) be used as a marker of a relevant population exposure and of a predict-
able risk. Evidence suggests this is not necessarily the case, as mortality may strike
quickly prior to the notice of emergency responders and affects elderly, socially
isolated, and nonmobile populations [113, 114]. Thus, to the extent the spatial
distribution of vulnerable subgroups more likely to die does not track with sub-
groups who are more likely to contact an emergency department, mortality-based
analyses, and heat alert criteria derived from those analyses from one location
would not necessarily provide the best information to reduce risk of morbidity or
mortality in another location.

An analysis of hospitalizations and emergency department visits (ED) for all-
causes and selected causes during the 2006 California heat wave revealed an
intriguing and important observation related to spatial variation in different health
outcomes [14]. In that analysis, the State was divided into six geographic regions,
based approximately on climate zones, each comprised of multiple counties. Risk
ratios (RR) that compared rates during the heat wave and during a referent period
(each period=17 days) in the same summer were computed. Unexpectedly, while
the highest risk of HRI ED visits (RR=23.1, 95 % CI: 15.1, 37.1) occurred in
the usually cooler region of central coast counties (including San Francisco), there
were too few hospitalizations to calculate a risk estimate (due to small cell sizes
and required data suppression) for that region (and two other regions). In contrast,
in the Central Valley (a much warmer region), the HRI ED-visit risk was sub-
stantially lower, but risk of hospitalization for HRI was very high (RR=17.1,
95 % CI: 9.8, 36.3). That observation is of particular interest because when the
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~140 coroner-reported deaths attributed to hyperthermia (126 of the cases were
classic heat stroke) during the heat wave were evaluated the majority occurred in
the Central Valley, which is a more rural agricultural region and an area with many
socioeconomic-driven health disparities [35]. Taken together, the findings indicate
the importance of examining/comparing different measures of health impacts—
ED, hospitalizations, and deaths—for which the spatial heterogeneity may reflect
a variety of determinants of risk that could influence/inform intervention and
adaptation strategies. Thus, when possible, heat alert criteria would ideally reflect
the composite information.

With respect to the second question, there are practical reasons for continuing to
use extreme temperature thresholds (usually the 95th or 99th percentile of daily
maximum temperature or temperature-humidity index) to trigger emergency
response protocols and to develop supplemental strategies to diminish the health
risks associated with usual warm season elevated temperatures. The primary reason
being in many locations lower thresholds would be met repeatedly (if not almost
continuously), especially during the hottest months. For example, in a Zip Code-
level analysis of emergency department visits in California in the warm seasons
(May-September) of 2005-2008, significant increases in patients diagnosed with
electrolyte imbalance were observed when deviation of the daily maximum tem-
perature from the Zip Code-specific seasonal mean daily maximum temperature
was +6 °C (about the 88th percentile for most locations) [28]. Thus, redefining the
threshold criteria for issuance of heat alerts based on this relatively low threshold
would not likely be the optimum strategy to reduce public health risk. Not only is it
impractical and a resource burden to keep the emergency response and public health
infrastructures for EHE risk mitigation in a near-constant state of activation, the
communities and populations would likely become desensitized to public health
messages about the potential health risks of heat exposure and not take requisite
precautions even when a severe EHE is forecast.

There must be a careful balance between informing and overwhelming (and
desensitizing) the public with information on risk and prevention of HRMM across
the full range of ambient heat exposures. This becomes even more of an issue when
trying to share information about joint hazards (e.g., heat and air pollution), while
also trying to promote health-protective measures such as exercise. Thus, one of the
most critical elements of any heat-health action plan, whether aimed at just EHE or
also considering less-than-extreme temperatures, is an evidence-based well-
designed communication and education-outreach plan (e.g., the heat-related health
information plan suggested by WHO). An essential part of the plan is ensuring the
public health messages and recommended actions are correct and that they are
effective, and if they are not effective, the reasons and how to remedy the deficits.
A prime example of an action that could be effective but is not always is the recom-
mendation, usually targeted to older adults or those with chronic health conditions,
to use home air conditioning or go to an air-conditioned location such as a “cooling
center.” Experience in California and elsewhere indicates cooling centers are often
underutilized, including by older adults, which has led some municipalities to
consider not opening centers to save the expense of their operation. Among the
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recognized ancillary actions required to increase use of centers (cooling or for other
emergencies) is to identify persons needing transportation to the center and then
provide that service. In addition, emergency plans must consider care of companion
animals as many people will not evacuate if they have to leave their pets behind.

It is well established that public health messaging can be a powerful tool for
health promotion and protection, and obtaining such information from multiple
sources (top-down (e.g., government issued health warnings) and bottom-up (e.g.,
healthcare provider)) can enhance the public’s awareness and adoption of health-
protective measures (to improve overall health or in emergencies). However, the
implications of the observations about perception of individual risk among vulner-
able populations strongly point to the need for innovative approaches and testing
the efficacy of those approaches, as well as additional research. That said, the rea-
sons vulnerable populations may not take health-protective measures (even when
they are aware of a heat alert and heard public health warnings), such as using a
home air conditioner, are complex and may reflect their knowledge, attitudes, and
beliefs about the level of personal risk related to their age or chronic illness [115].
For example, as noted by Richard et al. [115], many older adults do not see them-
selves as old or at risk, and the individuals who believe limitations in their lives are
related to aging are less likely to adopt preventive or adaptive behaviors.
Socioeconomic deterrents to air conditioning use may be less of a factor than percep-
tion of risk [115]. In addition, the source of information about their vulnerability,
including from their physicians, may not influence their perception of risk or adoption
of protective measures [115]. Direct one-on-one contact and provision of education
and assistance is one solution when individuals cannot due to mental or physical
limitations, or who do not of their own accord, take preventive measures.

In general, and to enhance the efficacy of direct contacts, there is an urgent need
to engage and educate a wider range of stakeholders, especially social service and
healthcare providers, and persons in direct contact with vulnerable populations than
are currently knowledgeable and proactive about reducing risk of HRMM among
the populations with which they interact. In addition to older adults, the chronically
ill and socially isolated, this is especially important for reducing risk of HRMM
among infants and children. Children’s physical and emotional development and
their location-time-activity patterns clearly can contribute to differences in ambient
heat exposures, exercise-related heat loads, and ultimately to risk of heat stress and
HRI. Infants do not have the motor skills to remove blankets or remove themselves
from hot environments [51], young children may continue to play outside even
when overheating (past their thermal comfort zone) and often do not know/or sense
the need to drink fluids [86], and young athletes may push themselves well past
thermal comfort levels that are signaling heat stress and illness onset [86]. It thus
becomes imperative that adults (parents and other caregivers, teachers, sports
coaches, and observers) be cognizant of the risks and remedies and ensure all pre-
cautions and necessary actions be implemented to guarantee the safety of children.
Specific guidance for each group needs to be built into the heat plan communication
and education element.
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A key to reducing HRMM is to have a full heat-health action plan with all the
elements outlined (Table 6.4); if the requisite resources (including data on where
vulnerable individuals/populations reside and the optimum mode for directly
contacting them) are not available at the outset, then the plan should include specific
contingencies to fill resource gaps, and timelines and steps to build the infrastruc-
ture. Unfortunately, even in developed nations EHE emergency response plans are
often not available or of inconsistent quality, as was found to be the case in a survey
of selected municipal heat wave response plans from cities in the United States that
had a history of or were at risk for heat-related mortality [113]. Adding elements to
plans to address HRMM that occur at less-than-extreme temperatures will add a
layer of complexity; however, with climate-change-related rising temperatures and
increased variability superimposed on the existent risks, this is an essential task.
Regardless of the apparent completeness of the plan, once developed it will need to
be regularly evaluated for its efficacy and updated to reflect lessons learned.

Conclusions

The rapid convergence of all of the climatologic and anthropologic changes in the
present and over the very near term (next 2 or 3 decades) and throughout the twenty-
first century exceed the current adaptive capacity of many if not most human social
systems around the globe to cope with rising temperatures and increasing frequency
and magnitudes of EHE. At all levels—from global to local—there needs to be
proactive development of a broad range of strategies to reduce the societal, public
health, and healthcare burden of HRMM, especially through primary and secondary
prevention of chronic and communicable diseases. This will require an integrated
multidisciplinary approach to evaluate and define the problem, including the deter-
minants of individual and population vulnerability for HRMM, and develop the
solutions in consideration of those vulnerabilities reflecting both morbidity and
mortality. The conceptual framework of the Environmental Health Multiple-
Determinant Model of Vulnerability provides a tool that allows quantitative and
qualitative consideration of factors that independently or jointly confer increased
(or diminished) risk of HRMM and identification of strategies to reduce that risk,
including those that might not be evident when the problem is viewed less holisti-
cally. Furthermore, it fosters multidimensional thinking when developing/applying
solutions, including revealing opportunities to integrate climate change mitigation
and adaptation strategies that can realize co-benefits for public health and environ-
mental welfare, and/or identify potential adverse unintended consequences of
strategies.

Fortunately, through strategic development and implementation of “top-down”
and “bottom-up” HRMM risk mitigation policies and actions that are coordinated
with and leverage existing global, regional, national, and local public health and
healthcare services programs targeting the root causes of poor health, as well as
programs aimed at pollution (including GHG) and exposure prevention, significant
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progress can be made towards reducing HRMM efficaciously and cost effectively.
The global interconnectedness of economies and of the health and welfare of popu-
lations creates an imperative for nations to work together to prevent and/or respond
to all of those challenges.

References

1.

11.

12.

13.

14.

15.

16.

17.

19.

20.

Sawka MN, et al. Human adaptations to heat and cold stress. In: RTO HFM symposium on
“Blowing hot and cold: protecting against climatic extremes”. Dresden, Germany: RTO-MP;
2001. p. KN4-1-15.

. Hanna JM, Brown DE. Human heat tolerance: an anthropological perspective. Annu Rev

Anthropol. 1983;12:259-84.

. Bouchama A, Knochel JP. Heat stroke. N Engl J Med. 2002;346(25):1978-88.
. Wenger, C.B. (2002) Human Adaptation to Hot Environments. In: Pandolf, K.B. and Burr, RE

(Eds) Medical Aspects of Harsh Environments. Washington, DC: Office of The Surgeon
General Department of the Army, United States of America. p. 51-86.

. Meehl G, Tebaldi C. More intense, more frequent, and longer lasting heat waves in the 21st

century. Science. 2004;305:994-7.

. IPCC. Intergovernmental panel on climate change, climate change 2007: synthesis report.

Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. 2007. p. 103.

. Robine JM, et al. Death toll exceeded 70,000 in Europe during the summer of 2003. C R Biol.

2008;331(2):171-8.

. Fouillet A, et al. Excess mortality related to the August 2003 heat wave in France. Int Arch

Occup Environ Health. 2006;80(1):16-24.

. Luber G, McGeehin M. Climate change and extreme heat events. Am J Prev Med.

2008;35(5):429-35.

. Gershunov A, Cayan D, lacobellis S. The great 2006 California heat wave: signal of an

increasing trend. J Climate. 2009;22:6181-203.

Kozlowski DR, Edwards LM. An analysis and summary of the July 2006 record-breaking
heat wave across the state of California. NOAA Western Regional Tech Attach, No. 07-05
(Feb 27, 2007). Salt Lake City, UT: NOAA; 2007.

Hoshiko S, et al. A simple method for estimating excess mortality due to heat waves, as
applied to the 2006 California heat wave. Int J Public Health. 2010;55(2):133-7.

Ostro BD, et al. Estimating the mortality effect of the July 2006 California heat wave. Environ
Res. 2009;109(5):614-9.

Knowlton K, et al. The 2006 California heat wave: impacts on hospitalizations and emergency
department visits. Environ Health Perspect. 2009;117(1):61-7.

Knowlton K, et al. Six climate change-related events in the United States accounted for about
$14 billion in lost lives and health costs. Health Aff (Millwood). 2011;30(11):2167-76.
Hajat S, et al. Impact of high temperatures on mortality: is there an added heat wave effect?
Epidemiology. 2006;17(6):632-8.

Hajat S, Kosatky T. Heat-related mortality: a review and exploration of heterogeneity.
J Epidemiol Community Health. 2010;64(9):753-60.

. Ye X, et al. Ambient temperature and morbidity: a review of epidemiological evidence.

Environ Health Perspect. 2012;120(1):19-28.

Zanobetti A, et al. Summer temperature variability and long-term survival among elderly
people with chronic disease. Proc Natl Acad Sci USA. 2012;109(17):6608—13.

McMichael AJ, et al. International study of temperature, heat and urban mortality: the
‘ISOTHURM'’ project. Int J Epidemiol. 2008;37(5):1121-31.



6 Heat Waves and Rising Temperatures... 117

21

22.

23.

24.
25.

26.

217.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

. McMichael AJ, Woodruff RE, Hales S. Climate change and human health: present and future
risks. Lancet. 2006;367(9513):859-69.

Chestnut LG, et al. Analysis of differences in hot-weather-related mortality across 44 US
metropolitan areas. Environ Sci Technol. 1998;1:59-70.

Haines A, et al. Climate change and human health: impacts, vulnerability and public health.
Public Health. 2006;120(7):585-96.

Haines A, Patz JA. Health effects of climate change. JAMA. 2004;291(1):99-103.

Kalkstein LS, Greene JS. An evaluation of climate/mortality relationships in large U.S. cities
and the possible impacts of a climate change. Environ Health Perspect. 1997;105(1):84-93.
Ebi KL, et al. Weather changes associated with hospitalizations for cardiovascular diseases
and stroke in California, 1983—-1998. Int J Biometeorol. 2004;49(1):48-58.

Anderson BG, Bell ML. Weather-related mortality: how heat, cold, and heat waves affect
mortality in the United States. Epidemiology. 2009;20(2):205-13.

Roberts EM, et al. Personal communication. 2012.

Durand-Lasserve A, Clerc V. Regularization and integration of irregular settlements: lessons
from experience (Working Paper No. 6) (Urban Management and Land); 1996.

Adachi M, et al. Oxidative stress impairs the heat stress response and delays unfolded protein
recovery. PLoS One. 2009;4(11):e7719.

Leon LR, Helwig BG. Heat stroke: role of the systemic inflammatory response. J Appl
Physiol. 2010;109(6):1980-8.

Horowitz M, Robinson SD. Heat shock proteins and the heat shock response during hyper-
thermia and its modulation by altered physiological conditions. Prog Brain Res. 2007;162:
433-46.

Smith T, Zaitchik B, Gohlke J. Heat waves in the United States: definitions, patterns and
trends. Clim Change. 2013;118:811-25.

Basu R. High ambient temperature and mortality: a review of epidemiologic studies from
2001 to 2008. Environ Health. 2009;8:40.

Trent RB, et al. Review of July 2006 heat wave related fatalities in California. Sacramento,
CA: California Department of Public Health; 2008. http://www.cdph.ca.gov/HealthInfo/
injviosaf/Documents/HeatPlanAssessment-EPIC.pdf.

Bouchama A, et al. Prognostic factors in heat wave related deaths: a meta-analysis. Arch
Intern Med. 2007;167(20):2170-6.

CDC. Heat-related deaths—Los Angeles County, California, 1999-2000, and United States,
1979-1998. MMWR Morb Mortal Wkly Rep. 2001;50(29):623-6.

Medina-Ramon M, et al. Extreme temperatures and mortality: assessing effect modification
by personal characteristics and specific cause of death in a multi-city case-only analysis.
Environ Health Perspect. 2006;114(9):1331-6. doi:10.1289/ehp.9074 (http://dx.doi.org/).
Naughton GA, Carlson JS. Reducing the risk of heat-related decrements to physical activity
in young people. J Sci Med Sport. 2008;11(1):58-65.

Naughton MP, et al. Heat-related mortality during a 1999 heat wave in Chicago. Am J Prev
Med. 2002;22(4):221-7.

Kovats RS, Hajat S. Heat stress and public health: a critical review. Annu Rev Public Health.
2008;29:41-55.

Belmin J, et al. Level of dependency: a simple marker associated with mortality during
the 2003 heatwave among French dependent elderly people living in the community or in
institutions. Age Ageing. 2007;36(3):298-303.

Stollberger C, Lutz W, Finsterer J. Heat-related side-effects of neurological and non-
neurological medication may increase heatwave fatalities. Eur J Neurol. 2009;16(7):
879-82.

Fouillet A, et al. Has the impact of heat waves on mortality changed in France since the
European heat wave of summer 2003? A study of the 2006 heat wave. Int J Epidemiol.
2008;37(2):309-17.

Gehlert S, et al. Targeting health disparities: a model linking upstream determinants to
downstream interventions: knowing about the interactions of societal factors and disease


http://www.cdph.ca.gov/HealthInfo/injviosaf/Documents/HeatPlanAssessment-EPIC.pdf
http://www.cdph.ca.gov/HealthInfo/injviosaf/Documents/HeatPlanAssessment-EPIC.pdf
http://dx.doi.org/10.1289/ehp.9074
http://dx.doi.org/

118

46.

47.

48.
49.

50.

S1.
52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

H.G. Margolis

can enable targeted interventions to reduce health disparities. Health Aff (Millwood).
2008;27(2):339-49.

Liburd LC, Sniezek JE. Changing times: new possibilities for community health and well-
being. Prev Chronic Dis. 2007. http://www.cdc.gov/pcd/issues/2007/jul/07_0048.htm.
Accessed July 2007.

Blum LN, Bresolin LB, Williams MA. From the AMA Council on Scientific Affairs Heat-
related illness during extreme weather emergencies. JAMA. 1998;279(19):1514.

Allen AJ, Segal-Gidan F. Heat-related illness in the elderly. Clin Geriatr. 2007;15(7):37-45.
Kenney WL, Munce TA. Invited review: aging and human temperature regulation. J Appl
Physiol. 2003;95(6):2598-603.

Worfolk JB. Heat waves: their impact on the health of elders. Geriatr Nurs. 2000;
21(2):70-7.

Jardine DS. Heat illness and heat stroke. Pediatr Rev. 2007;28(7):249-58.

Falk B, Dotan R. Children’s thermoregulation during exercise in the heat: a revisit. Appl
Physiol Nutr Metab. 2008;33(2):420-7.

Bytomski JR, Squire DL. Heat illness in children. Curr Sports Med Rep. 2003;2(6):320—4.
Howe AS, Boden BP. Heat-related illness in athletes. Am J Sports Med.
2007;35(8):1384-95.

Bates G, Gazey C, Cena K. Factors affecting heat illness when working in conditions of
thermal stress. ] Hum Ergol (Tokyo). 1996;25(1):13-20.

Jay O, Kenny GP. Heat exposure in the Canadian workplace. Am J Ind Med. 2010;
53(8):842-53.

Rodahl K. Occupational health conditions in extreme environments. Ann Occup Hyg.
2003;47(3):241-52.

Parsons KC. International standards for the assessment of the risk of thermal strain on clothed
workers in hot environments. Ann Occup Hyg. 1999;43(5):297-308.

Cusack L, de Crespigny C, Athanasos P. Heatwaves and their impact on people with alcohol,
drug and mental health conditions: a discussion paper on clinical practice considerations.
J Adv Nurs. 2011;67(4):915-22.

Kaciuba-Uscilko H, Grucza R. Gender differences in thermoregulation. Curr Opin Clin Nutr
Metab Care. 2001;4(6):533-6.

Epstein Y, Moran DS. Thermal comfort and the heat stress indices. Ind Health. 2006;44(3):
388-98.

McLellan TM. The importance of aerobic fitness in determining tolerance to uncompensable
heat stress. Comp Biochem Physiol A Mol Integr Physiol. 2001;128(4):691-700.

Selkirk GA, McLellan TM. Influence of aerobic fitness and body fatness on tolerance to
uncompensable heat stress. J Appl Physiol. 2001;91(5):2055-63.

Gagnon D, et al. Cold-water immersion and the treatment of hyperthermia: using 38.6
degrees C as a safe rectal temperature cooling limit. J Athl Train. 2010;45(5):439-44.

Hales JRS, Hubbard RW, Gaffin SL. Limitation of heat tolerance, In: Fregly MJ, Blatteis CM,
editors. Handbook of physiology, environmental physiology, Suppl 14. New York: Wiley; 1996.
Weller AS, et al. Quantification of the decay and re-induction of heat acclimation in dry-heat
following 12 and 26 days without exposure to heat stress. Eur J Appl Physiol. 2007;
102(1):57-66.

Moseley PL. Heat shock proteins and heat adaptation of the whole organism. J Appl Physiol.
1997;83(5):1413-7.

Kuennen M, et al. Thermotolerance and heat acclimation may share a common mechanism in
humans. Am J Physiol Regul Integr Comp Physiol. 2011;301(2):R524-33.

Moseley P. Stress proteins and the immune response. Immunopharmacology. 2000;
48(3):299-302.

Fleming PJ, et al. Thermal balance and metabolic rate during upper respiratory tract infection
in infants. Arch Dis Child. 1994;70(3):187-91.

Dematte JE, et al. Near-fatal heat stroke during the 1995 heat wave in Chicago. Ann Intern
Med. 1998;129(3):173-81.


http://www.cdc.gov/pcd/issues/2007/jul/07_0048.htm

6 Heat Waves and Rising Temperatures... 119

72

73.

74.
75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

. Finkel T, Holbrook NIJ. Oxidants, oxidative stress and the biology of ageing. Nature.
2000;408(6809):239-47.

Lee IT, Yang CM. Role of NADPH oxidase/ROS in pro-inflammatory mediators-induced
airway and pulmonary diseases. Biochem Pharmacol. 2012;84(5):581-90.

Libby P. Inflammation in atherosclerosis. Nature. 2002;420(6917):868-74.

Agarwal SK, et al. Airflow obstruction, lung function, and risk of incident heart failure: the
Atherosclerosis Risk in Communities (ARIC) study. Eur J Heart Fail. 2012;14(4):414-22.
Park HS, Kim SR, Lee YC. Impact of oxidative stress on lung diseases. Respirology.
2009;14(1):27-38.

Emanuela F, et al. Inflammation as a link between obesity and metabolic syndrome. J Nutr
Metab. 2012;2012:476380.

Whitham M, Febbraio MA. HSP and diabetes. In: Asea AAA, Pederson BK, editors. Heat
shock proteins and whole body physiology. New York: Springer; 2010. p. 3—18.

Plummer LE, Smiley-Jewell S, Pinkerton KE. Impact of air pollution on lung inflammation
and the roll of toll-like receptors. Int J Infereron Cytokine Mediator Res. 2012;4:43-57.
Breton CV, et al. Genetic variation in the glutathione synthesis pathway, air pollution, and
children’s lung function growth. Am J Respir Crit Care Med. 2011;183(2):243-8.

Islam T, et al. Glutathione-S-transferase (GST) P1, GSTMI, exercise, ozone and asthma
incidence in school children. Thorax. 2009;64(3):197-202.

Gilliland FD, et al. A theoretical basis for investigating ambient air pollution and children’s
respiratory health. Environ Health Perspect. 1999;107 Suppl 3:403-7.

Franchini M, et al. Air pollution, vascular disease and thrombosis: linking clinical data and
pathogenic mechanisms. J] Thromb Haemost. 2012;10(12):2438-51.

Miller MR, Shaw CA, Langrish JP. From particles to patients: oxidative stress and the cardio-
vascular effects of air pollution. Future Cardiol. 2012;8(4):577-602.

Basu R, Ostro BD. A multicounty analysis identifying the populations vulnerable to mortality
associated with high ambient temperature in California. Am J Epidemiol. 2008;168(6):
632-17.

Coris EE, Ramirez AM, Van Durme DJ. Heat illness in athletes: the dangerous combination
of heat, humidity and exercise. Sports Med. 2004;34(1):9-16.

Fleming PJ, Azaz Y, Wigfield R. Development of thermoregulation in infancy: possible
implications for SIDS. J Clin Pathol. 1992;45(11 Suppl):17-9.

Falk B. Effects of thermal stress during rest and exercise in the paediatric population. Sports
Med. 1998;25(4):221-40.

Bergeron MF, Devore C, Rice SG. Policy statement—climatic heat stress and exercising
children and adolescents. Pediatrics. 2011;128(3):e741-7.

Prentice AM. The emerging epidemic of obesity in developing countries. Int J Epidemiol.
2006;35(1):93-9.

McConnell R, et al. Asthma in exercising children exposed to ozone: a cohort study. Lancet.
2002;359(9304):386-91.

Delfino RJ, et al. Association of asthma symptoms with peak particulate air pollution and
effect modification by anti-inflammatory medication use. Environ Health Perspect.
2002;110(10):A607-17.

Moreno-Macias H, et al. Ozone exposure, vitamin C intake, and genetic susceptibility of
asthmatic children in Mexico City: a cohort study. Respir Res. 2013;14(1):14.

Romieu I, et al. Genetic polymorphism of GSTM1 and antioxidant supplementation influ-
ence lung function in relation to ozone exposure in asthmatic children in Mexico City.
Thorax. 2004;59(1):8-10.

Lambert MI, Mann T, Dugas JP. Ethnicity and temperature regulation. Med Sport Sci.
2008;53:104-20.

Horowitz M. Heat acclimation and cross-tolerance against novel stressors: genomic-
physiological linkage. Prog Brain Res. 2007;162:373-92.

Horowitz M, Kodesh E. Molecular signals that shape the integrative responses of the heat-
acclimated phenotype. Med Sci Sports Exerc. 2010;42(12):2164-72.



120

98.

99.

100.

101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

H.G. Margolis

Lau WKM, Kim K-M. The 2010 Pakistan flood and Russian heat wave: teleconnections of
hydrometeorological extremes. J Hydrometeorol. 2012;13:392-403.

Cayan D, et al. Climate scenarios for California. Sacramento, CA: California Energy
Commission, California Climate Change Center; 2006. p. 52.

CDPH. Heat-related illness and mortality: information for the public health network in
California. In: Public health impacts of climate change in California: community vulnerability
assessments and adaptation strategies. Sacramento, CA: California Department of Public Health,
Public Health Institute; 2007. http://www.ehib.org/papers/Heat_Vulnerability_2007.pdf.

Stone B, Hess JJ, Frumkin H. Urban form and extreme heat events: are sprawling cities more
vulnerable to climate change than compact cities? Environ Health Perspect. 2010;
118(10):1425-8.

Oke T. The energetic basis of the urban heat island. Q J Roy Meteorol Soc. 1982;
108(455):1-24.

United Nations. World urbanization prospects: the 2007 revision. New York: United Nations;
2008.

UNHabitat. (2011). Cities and climate change global report on human settlements 2011.
United Nations Human Settlements Programme. London, UK: Earthscan Ltd; Washington,
DC: Earthscan LLC.

WHO. World health statistics 2012. Geneva: World Health Organization; 2012.

CDC. Infectious disease and dermatologic conditions in evacuees and rescue workers after
hurricane Katrina—multiple States, August—September, 2005. MMWR Morb Mortal Wkly
Rep. 2005;54(38):961-4.

Keatinge WR. Death in heat waves. BMJ. 2003;327(7414):512-3.

Semenza JC, et al. Excess hospital admissions during the July 1995 heat wave in Chicago.
Am J Prev Med. 1999;16(4):269-77.

Dannenberg AL, Frumkin H, Jackson R, editors. Making healthy places: designing and
building for health, well-being, and sustainability. Washington, DC: Island Press; 2011.
WHO. Heat-health action plans: guidance. Europe, Copenhagen, Denmark: World Health
Organization; 2008.

Durazo EM, et al. The health status and unique health challenges of rural older adults in
California. Los Angeles, CA: University of California, Los Angeles (UCLA) Center for
Health Policy research; 2011.

CHHSA, Strategic plan for an aging California population: Getting California ready for the
“Baby Boomers”. Sacramento, CA: California Health and Human Services Agency, Editor;
2003. p. 258.

Bernard SM, McGeehin MA. Municipal heat wave response plans. Am J Public Health.
2004:94(9):1520-2.

Diaz J, Linares C, Tobias A. A critical comment on heat wave response plans. Eur J Public
Health. 2006;16(6):600.

Richard L, Kosatsky T, Renouf A. Correlates of hot day air-conditioning use among middle-
aged and older adults with chronic heart and lung diseases: the role of health beliefs and cues
to action. Health Educ Res. 2011;26(1):77-88.


http://www.ehib.org/papers/Heat_Vulnerability_2007.pdf

Chapter 7
Climate, Air Quality, and Allergy:
Emerging Methods for Detecting Linkages

Patrick L. Kinney, Perry E. Sheffield, and Kate R. Weinberger

Abstract Both anthropogenic and naturally occurring air contaminants can be
influenced by climate variability and change and in turn may have important impli-
cations for human health. Anthropogenic ozone (O3) is a pollutant that poses serious
health concerns and whose formation in the lower atmosphere depends on tempera-
ture and sunlight as well as other meteorologic parameters. Airborne pollens
released by trees, grasses, and weeds are responsible for considerable respiratory
morbidity and are also influenced by climate factors, as well as by changing carbon
dioxide concentrations. Here we report recent findings from a research team in New
York City (NYC) that has been investigating interactions between climate, air qual-
ity, and human health. The first case study we cover made projections of future O;
and temperature levels at the county level in the NYC metro area under alternative
climate change scenarios, and then translation of these changes into mortality
impacts using exposure-response equations derived from historical data in NYC.
Findings suggested that heat-related mortality could grow in importance over future
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decades as compared with Os-related mortality, and that health effects could be
reduced by policies that limit greenhouse gas emissions. In the second case study,
we analyzed the effects of spring tree pollen peaks on sales of over-the-counter
allergy medications in NYC over a 6-year period. We found a significant effect
which had a maximum at lag 2, indicating that tree pollen peaks precede spikes in
medication sales by approximately 2 days. Both sets of findings highlight the value
of climate and health research as a tool for policy makers concerned with anticipat-
ing and preventing adverse health impacts related to climate change.

Keywords Aeroallergens ¢ Allergic rhinitis * Syndromic surveillance ¢ Pollen
forecasting ¢ Allergy medication * Ozone * Temperature * Mortality ¢ Climate
change ¢ Projection

Climate factors like temperature, wind, and precipitation play important roles in
determining patterns and concentrations of air pollution over multiple scales in time
and space [1, 2]. These may operate through changes in air pollution emissions,
transport, dilution, chemical transformation, and eventual deposition of air pollut-
ants, especially for secondary pollutants like ozone (Os). Naturally occurring air
contaminants of relevance to human health, including airborne pollens, also may be
influenced by climate. Thus, there are a range of air contaminants, both anthropo-
genic and natural, for which climate change impacts are of potential importance.

O; is a serious health concern and is formed in the lower atmosphere by reactions
involving precursor air pollutants in the presence of sunlight. The key precursor
pollutants for O; formation are nitrogen oxides (emitted mainly by burning of fuels)
and volatile organic compounds (VOCs) (emitted both by burning of fuels and evap-
oration from vegetation and stored fuels). Because O; formation increases with
greater sunlight and higher temperatures, it reaches unhealthy levels primarily dur-
ing the warm half of the year. It has been firmly established that breathing O; can
cause inflammation in the deep lung as well as short-term, reversible decreases in
lung function. In addition, epidemiology studies have demonstrated that O; can
increase the risk of asthma-related hospital visits and premature mortality [3—6].

Airborne allergens are substances present in the air that stimulate an allergic
response in sensitized individuals upon inhalation. Outdoor pollens are one impor-
tant class of airborne allergens. Pollens are released by plants at specific times of the
year that depend to varying degrees on temperature, sunlight, and moisture. Thus,
airborne pollen concentrations are sensitive to climate variability and change.

The influence of climate on air quality is substantial and well established [1, 2],
giving rise to the expectation that changes in climate are likely to alter patterns of
air pollution concentrations. Higher temperatures hasten the chemical reactions that
lead to O; formation. Higher temperatures, and perhaps elevated carbon dioxide
(CO,) concentrations, also lead to increased emissions of Os-relevant VOC precur-
sors by vegetation [7]. Weather patterns influence the movement and dispersion of
all pollutants in the atmosphere through the action of winds, vertical mixing, and
rainfall. Air pollution episodes can occur with atmospheric conditions that limit
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both vertical and horizontal dispersion. Emissions from power plants increase
substantially during heat waves when air-conditioning use peaks. Finally, the pro-
duction and distribution of airborne allergens such as pollens and molds are highly
influenced by weather phenomena and also have been shown to be sensitive to
atmospheric CO, levels [8]. For example, the timing of phenologic events such as
flowering and pollen release is closely linked with temperature.

Human-induced climate change is likely to alter the distributions over both time
and space of all of the meteorologic factors discussed above, which could in turn
lead to changes in air contaminants. One concern is that multiple interacting expo-
sures could be affected simultaneously by climate change, leading to enhanced
adverse health impacts. For example, the severe heat wave in 2003 in France was
associated with elevated levels of ozone [9].

Research into the potential effects of climate change on air quality and human
health is challenging, due in part to the highly interdisciplinary nature of the under-
lying science. Expertise is needed across a range of disciplines that have not often
been linked in the past, including climate data acquisition and processing, climate
modeling, air quality modeling, exposure assessment, epidemiology, and clinical
science. After teams are formed, they need to learn to communicate effectively so
that the research can proceed productively, which can take considerable time and
effort. An important technical challenge is the need to take the broad scale predic-
tions generated by global climate models and make them relevant and meaningful
for impact assessments at fine geographic scales. Outputs from global models typi-
cally are resolved at a scale of hundreds of kilometers. Development and integration
of research on the human dimensions of global environmental change require down-
scaling these projections to the regional metropolitan scale (10 miles/kilometers or
finer). Data at these finer scales facilitate planning for mitigation and adaptation
strategies.

In the remainder of this chapter, we present two case studies investigating health
impacts of climate change, one involving mortality effects of heat and air quality
and the other examining the influence of pollen on allergic responses, to illustrate
and illuminate the challenges and potentials for climate, air quality, and health
research.

Case Study 1: Climate, O;, and Heat in the NYC
Metropolitan Region

Episodes of heat and/or O; are current risk factors for adverse health effects in many
urban areas around the world, and New York City (NYC) is no exception. Much of
the NYC metropolitan region remains out of compliance with the O; air quality
standard, and heat waves are on the increase, a trend that is likely to continue for
several decades. Future O; concentrations and resulting health effects will depend
both on precursor emissions and on climate conditions. Here, we focus on the
climate effect, holding O; precursor emissions constant.
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The New York Climate and Health Project (or NYCHP) was designed to
project future health impacts of climate-related changes in temperatures and
ground-level O; concentrations [10]. We compared acute summertime heat- and
O;-related mortality from the past (using data from the 1990s) to several future
decades (modeled for the 2020s, 2050s, and 2080s). We used a three-part meth-
odology to assess these health impacts. First, we estimated coefficients describ-
ing mortality effects of temperature and O; using historical (1990-1999) death,
weather, and air quality data for the study area. Next, we developed an integrated
modeling system to project future environmental conditions under two scenarios
of climate change, including modules for global climate, regional climate, and
regional air quality. Third, the exposure-response coefficients were combined
with the projections of future temperature and O; to estimate mortality in future
decades under a changing climate. This is a good example of a project requiring
multidisciplinary expertise, including climate and air quality modelers, public
health scientists, and others.

Epidemiologic Analysis of Historical Data

Mortality data were obtained from the US National Center for Health Statistics
(NCHS) for 1990-1999. Daily death counts were computed for each of 31 counties
comprising the NYC metropolitan area for all internal causes (ICD-9 codes 0-799.9
for 1990-1998 and ICD-10 codes A00-R99 for 1999), excluding accidental causes
and those among nonresidents. Air quality data were obtained for all O; monitoring
stations within the study area. Of 39 stations that reported summer season data,
those with fewer than 80 % non-missing days were removed from further analyzes,
leaving 16 stations. Daily mean temperature (7,,.) (°F) data were obtained from the
National Oceanic and Atmospheric Administration (NOAA) National Climatic
Data Center (NCDC) data inventory. Stations within the study area with at least
80 % non-missing 7. data included 16 meteorological stations (not the same as
those where O; monitoring took place).

Coefficients representing the effects of O; and temperature on daily mortality
were estimated using a Poisson generalized additive regression model with log daily
death counts as the outcome variable. Analysis was restricted to the period between
June 1 and August 30 for the years 1990-1999, to be consistent with the future
projections (see below). Based on prior studies, we used 7. at lag O and the 2-day
average of the 1-h daily maximum Oj; from lags 0 and 1. O; was treated as a linear
term in the model, whereas temperature was modeled as a 3° polynomial in order to
capture nonlinear effects at high temperatures. We examined possible confounding
effects of particulate matter with aerodynamic diameter less than 10 pm (PM,,) on
the relationship between O; and mortality and found no such evidence in our data-
set, consistent with previous work [6, 11, 12].
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Fig. 7.1 Goddard Institute for Space Studies (GISS) coupled global ocean/atmosphere model

Future Projections of Temperature and O;

As described previously [13, 14], we use the Goddard Institute for Space Studies
(GISS) coupled global ocean/atmosphere model (driven by two different green-
house gas (GHG) scenarios of the Intergovernmental Panel on Climate Change
(IPCC)). The A2 scenario assumes relatively high and the B2 relatively low emis-
sions of GHGs over the century. The GISS global model was linked via initial and
boundary conditions to the Penn State-NCAR Mesoscale Model 5 (MMS5) regional
climate model. MM5 was run on two nested domains of 108 and 36 km over the
USA. To simulate O; concentrations, the community mesoscale air quality (CMAQ)
model was run at 36 km and took its initial conditions from the GISS-MMS5 simula-
tions [14]. For CMAQ the 1996 US Environmental Protection Agency (EPA)
National Emission Trends (NET) database was processed by the Sparse Matrix
Operator Kernel Emissions Modeling System (SMOKE). The simulation periods
were June 1993—August 1997, June 2023—-August 2027, June 2053—August 2057,
and June 2083—August 2087. In the work presented here, O; precursor emissions
were held constant in the baseline and future simulations, in order to isolate the
climate effect. The MM5 model simulated 7,,. and the CMAQ model simulated 1-h
daily maximum O; concentrations across the model domain in summers for these
four future decades. Gridded temperatures and O; concentrations were interpolated
to county geographic centroids using inverse distance weighting (IDW). Because of
model biases for temperature, the modeled temperatures were converted to anoma-
lies (i.e., monthly difference between future decadal estimate and baseline esti-
mate), and these were used to adjust observed temperatures from the baseline period
(1990s) to future decades. Further details are given in Knowlton et al. [15]. The
modeling system is shown schematically in Fig. 7.1.
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Health Impact Assessment

The daily model simulations of temperature and Os at 36 km were combined with the
exposure—response functions developed above to compute mortality risks in the base-
line and future time periods. In order to isolate the impacts of climate changes on
future regional mortality, we held population constant at the Census 2000 county
totals. We also held mortality rates constant at county-specific mean 1990s reference
rates for the same reason. Preliminary analysis of the mortality and temperature data
suggested that days with mean temperatures below 63.6 °F were not associated with
excess mortality; thus, we only estimated mortality above this threshold temperature.

Results

Statistically significant coefficients of both temperature and O; on mortality were
observed in the epidemiologic analysis of data from the 1990s, with results as
follows:

Heat-related mortality = (Population / 100,000) x (Countydaily mortalityrate)
x [exp((Temp x 0.29193) + (Temp” x —.00434)
+(Temp® x.00002152)) 1]

O, -related mortality = (Population /100,000) x (Daily mortality rate)
x[exp(max O, x0.00045738) 1]

Total temperature- or O;-related deaths in the June—August period, averaged over
each decade, were computed and compared to that in the 1990s. Figure 7.2 shows
the regional distribution of percentage changes in heat-related mortality by the
2050s under the A2 GHG emissions scenario, and Fig. 7.3 shows the Os effects for
the same conditions. While highly populated counties showed greater absolute
numbers of heat-related deaths, higher percentage increases occurred in nonurban
counties on the perimeter of the study area. For O;, higher concentrations by the
2050s spread beyond the urban core into nonurban counties along the SW-NE pre-
vailing wind directional axis.

Table 7.1 and Fig. 7.4 show the projected evolution over time of heat vs. O; mor-
tality impacts under the A2 scenario. In the 1990s, summer Os-related mortality was
on par with heat-related mortality in a typical summer, but by mid-century this
could change with heat-related mortality approximately doubling as compared to
the 1990s, while O; mortality increased by just 5 %j; and by the 2080s, heat-related
mortality could be over four times that from Os.

Sensitivity analyses compared the 2050s B2 scenario mortality projections to
that of the A2 scenario (Table 7.2) and found approximately 27 % fewer heat-related
deaths with the B2 scenario. These represent potential health benefits of more
aggressive GHG regulatory schemes. While larger O;-related mortality was
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Fig. 7.2 The regional distribution of percentage changes in heat-related mortality by the 2050s
under the A2 greenhouse gas emissions scenario

projected for the New York metro region under the B2 scenario assumptions,
different patterns across the eastern USA were seen; domain-wide O; was projected
to increase more under the 2050s A2 scenario than under the B2 scenario.

Discussion and Implications

This work illustrates an interdisciplinary study to develop local scale projections of
some possible health impacts of climate change in the NYC metropolitan region.
In the USA, health policy decisions (emergency planning, hospital surveillance,
etc.) are often made by county health departments, so climate impact projections are
likely to be most meaningful if framed at the county level. Further, in the absence of
federal regulations, GHG emission control policies often begin at the local level.
If in the future the potential health impacts of climate change are monetized and
become part of cost—benefit regulatory schemes, then risk assessments such as this
could provide information useful not only to public health care infrastructure plan-
ning but also to regulators and legislative policy makers. An important limitation of
this work is that we did not account for possible acclimatization to heat effects over
multiple years as warming trends continue. This is an area in need of future research.
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Fig. 7.3 The O; effects under the A2 greenhouse gas emissions scenario

Table 7.1 Evolution over decades of temperature- and Os-related deaths, under the A2 greenhouse
gas emission scenario

Decade Regional summer heat-related mortality Regional summer Os-related mortality
1990s 1,116 1,059
2020s 1,542 1,174
38 % increase vs. 1990s 11 % increase vs. 1990s
2050s 2,347 1,108
110 % increase vs. 1990s 5 % increase vs. 1990s
2080s 5,533 1,266
396 % increase vs. 1990s 20 % increase vs. 1990s

Case Study 2: Spring Pollen Peaks and Over-the-Counter
Allergy Medication Sales

Studies of the onset and duration of pollen seasons have shown significant advances
in seasonal onset that are consistent with warming trends [16-25]. What remains
unknown is whether, and to what extent, recent trends in pollen seasons may be



]

Climate, Air Quality, and Allergy: Emerging Methods for Detecting Linkages 129

Climate-Related Mortality, Current vs. A2 Future Model Simulations

6000 |
°
£
£ .
@ 5000 Esummer heat-related
s mortality
2 msummer O3-related
T 4000 Mortality
a
=
[
=
2 3000 |
=
(=
o
o
£ 2000
=4
[
=
i
2 1'000 |
@
E=]
£
=
=

0

1990s 2020s 2050s 2080s

Decade

Fig. 7.4 The projected evolution over time of heat vs. O; mortality impacts under the A2 scenario

Table 7.2 Comparison of temperature- and Os-related deaths in a typical summer for the 2050s
vs. 1990s, under two different greenhouse gas emission scenarios

2050s B2 (lower CO, 2050s A2 (higher CO,

1990s emissions) emissions)
Heat-related mortality 1,116 2013 2347
80 % increase relative 110 % increase relative to 1990s
to 1990s
Os-related mortality 1,059 1,139 1,108
7.6 % increase relative 4.6 % increase relative to 1990s
to 1990s

linked with upward trends in allergic diseases like hay fever and asthma that have
been seen in recent decades.

In addition to earlier onset of the pollen season and possibly enhanced seasonal
pollen loads in response to higher temperatures and resulting longer growing sea-
sons, there is evidence that CO, rise itself may cause increases in pollen levels.
Experimental studies have shown that elevated CO, concentrations stimulate greater
vigor, pollen production, and allergen potency in ragweed [8, 26, 27]. Ragweed is
arguably the most important pollen in the USA with up to 75 % of hay fever suffer-
ers sensitized [28]. Significant differences in allergenic pollen protein were observed
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in comparing plants grown under historical CO, concentrations of 280 (ppm) and
recent concentrations of 370 ppm, with potential future concentrations of 600 ppm
[27]. Interestingly, significant differences in ragweed productivity were observed in
outdoor plots situated in urban, suburban, and rural locales where measurable gra-
dients were observed in both CO, concentrations and temperatures. Cities are not
only heat islands but also CO, islands and thus represent, to some extent, proxies for
a future warmer, high-CO, world [8]. With warming over the longer term, changing
patterns of plant habitat and species density are likely, with gradual movement
northward of cool-climate species like maple, birch, and northern spruce [29].

Concentrations of various pollens have been associated with rates of allergic
sensitization [30, 31], tendency towards increased asthma episodes [32], higher
numbers of asthma-related emergency department (ED) visits [33-36], and
asthma-related hospital admissions [37, 38] as well as higher numbers of allergic
rhinitis ED visits [39] and allergic rhinitis physician visits [40]. Allergic rhinitis, a
type of allergic airway disease that is a risk factor for increased asthma severity
[41], decreases the quality of life of a substantial proportion of the US population
(10-30 % of adults and up to 40 % of children) and imposes large costs on our
health care system [28, 42-44].

Symptomatic relief of allergic rhinitis primarily involves ambulatory care and
self-administration of medications. Thus, studies that look at more severe health
outcomes like ED visits and hospitalizations only capture a small fraction of the
population affected. Also, other factors that influence asthma morbidity, such as
respiratory infection, air pollution, and weather, complicate the attribution of illness
to pollen exposure.

To examine whether pollen concentrations are temporally linked to allergic
responses, we analyzed the association of daily tree pollen peaks and over-the-
counter (OTC) allergy medication sales over a 6-year period in the NYC metropoli-
tan area [45].

Data and Methods

Airborne pollen was collected with a Burkard volumetric spore trap (Burkard
Manufacturing Co., Rickmansworth, UK) located on the rooftop of Calder Hall at
Fordham University’s Louis Calder Biological Station in Armonk, NY, about 30
miles north of midtown Manhattan. This station is the closest long-term, nearly
continuous pollen record for the NYC region. Trained counters carried out micro-
scopic analysis of pollen slides for 6 years from 2003 to 2008. Peak dates for each
pollen type in each year were identified.

We computed daily concentrations of three genera of tree pollen: maple (Acer
spp.), birch (Betula spp.), and oak (Quercus spp.). These subtypes were selected
because they are clinically relevant aeroallergens in the USA [46] during the early
season (March—-May) and have well-established sensitization patterns in popula-
tions from the northeast region of the USA [47, 48].
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Daily temperature data from LaGuardia International Airport were downloaded
from the NCDC. Data for PM, 5 were obtained from US EPA’s Air Quality System.
The temporal variations of PM, 5 across 21 sites were highly correlated (r>0.85).
Therefore, we computed the average of multiple sites, taking into consideration the
difference in site-specific means and standard deviations [49].

Data on OTC pharmacy sales are reported electronically to the New York City
Department of Health and Mental Hygiene on a daily basis from over 200 store
locations, disproportionately in Manhattan but also from the other four NYC bor-
oughs and nearby suburbs in New York State and New Jersey. The store locations in
this database cover approximately 30 % of retail pharmacies in NYC [50]. For this
analysis, the following brand name and generic products were classified as allergy
medications: Alavert, Benadryl, Claritin, loratidine, Sudafed, and Tavist, as well as
other oral and nasal spray medications that include the word “allergy” in their name.
Eye drops and topical creams were not included.

We used an indicator variable (1 for peak dates; O otherwise) for the tree pollen
peak dates between March and May each year for each genus. There was a total of
18 pollen peak dates over the 6-year study period. A regression model was used to
estimate the impact of the tree pollen peak dates on the daily allergy medication
sales, adjusting for potential confounding factors. We examined lags 0—6 days from
the pollen peak dates (i.e., we compared today’s allergy medication sales with
today’s tree pollen peak, today’s allergy medication sales with yesterday’s pollen
peak). We first included individual lags of the tree pollen peak date indicator to
determine the lag structure of associations and then included all of the 7-day lags to
estimate the multiday effects (i.e., unconstrained distributed lag model). Covariates
considered in the regression model included a day-of-week indicator variable, a
year indicator variable, and air pollution and temperature variables to capture the
effects of temperature on allergy symptoms [51] or on purchasing behaviors.

Results and Discussion

Figure 7.5 shows time series plots of OTC allergy medication sales for the entire
city during the years 2003-2008, with tree pollen peak dates superimposed for
maple, oak, and birch. The tree pollen peak dates appear to coincide with sharp
peaks in the spring medication sales. A general upward trend in sales across years
can partially be explained by the number of stores reporting, which increased from
206 in 2003 to 231 in 2008.

Figure 7.6 shows the estimated impacts of tree pollen peaks when all the lagged
peak date indicators were included simultaneously in the regression model. The
largest statistically significant impact occurred at lag 2 day (28.7 % [95%CI: 17.4,
41.2]), followed by lag 1 day. In the distributed lag model, the sum of the effects
over the 7-day period was 141.1 % (95%CI: 79.4, 224.1). These results were not
changed substantially in sensitivity analyses that tested alternative covariates and
modeling methods.
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These findings suggest that monitoring OTC medication sales may be a useful
method of population surveillance for allergic illness and the impact of pollen. Our find-
ings are generally but not entirely consistent with other studies examining the relation
of ambient pollen to minor allergic illness. In an urban area in France, insurance claims
were used to show that daily purchases of prescription allergy medications were associ-
ated with same-day concentrations of some tree pollens and grass pollen while control-
ling for weather and air pollution [52]. A study in Ottawa, Canada, found no effect of
tree pollen on ED visits for conjunctivitis and rhinitis, but ragweed and fungal spore
concentrations appeared to be associated with same-day ED visits while controlling for
weather and air pollution. The exploration of lagged effects was not described in detail
by the authors [39]. In Toronto, Canada, physician visits among the elderly for allergic
rhinitis were associated with 10-day average ragweed concentrations but not with air
pollution; they did not analyze pollen types other than ragweed [40]. One strength of
our study is that it includes a fuller examination of lags than these previous studies.

An advantage of using OTC medications is that this health outcome reflects minor
illness, as many will not seek health care nor have claims filed for prescription medi-
cations. The observed associations support use of genus-specific tree pollen season
charts in clinical allergy practice, which are not currently being used in allergy clin-
ics in New York (personal correspondence, President of the NY Allergy Society,
January 2010). However, limitations of this approach include the possibility that
individuals may self-medicate using previously purchased OTC medications, that
the single purchase of an OTC allergy medication could result in usage at multiple
different times other than the day of purchase, and that the available in-home medi-
cations may vary within a calendar year. Thus, our analysis likely underestimates the
overall contribution of pollen to use of OTC allergy medications. Furthermore, pur-
chase of an OTC allergy medication does not describe frequency of use, severity of
symptoms, nor the number of individuals using a particular medication.

While this study did not directly address the role of climate factors in variations in
pollen exposure and allergic health responses, the interannual variations that we
observed in tree pollen peaks and OTC medication sales are probably reflective of inter-
annual variations in climate, such as winter and spring temperatures and precipitation.
Efforts to better detail the role of weather and climate variables as drivers of pollen-
related health impacts, the geospatial variation of pollen concentrations, and the timing
and intensity of pollen season will contribute to work in this field. Future work should
explore relationships between meteorologic variables and the timing and intensity of
the pollen season, specifically temperature and precipitation over seasonal time scales.

Summary

The two case studies reviewed above demonstrate some of the methods that have
recently been applied to study climate interactions with human health, mediated by
temperature, air pollution, and/or airborne pollen. These examples demonstrate
some of the characteristic features of emerging research in this area, including the
formation of interdisciplinary teams, merging of health and climate data, the role of
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geographical downscaling, and the tools of health impact assessment. These
approaches and others will be needed to further examine linkages between climate
variations and human health impacts across a range of disease outcomes.
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Chapter 8
The Human Health Co-benefits of Air Quality

Improvements Associated with Climate
Change Mitigation

George D. Thurston and Michelle L. Bell

Abstract Fossil fuel combustion processes that generate greenhouse gases (GHG)
also emit and or cause the creation of other harmful air pollutants. Thus, while
policies designed to avert the course of climate change would eventually result in
direct human health benefits from lessened global temperature changes and associ-
ated impacts, they would also bring much more immediate ancillary human health
co-benefits from the associated reduced ground-level air pollution in the short term.
Several measures aimed at reducing GHG emissions, notably the reduced use of
fossil fuels such as coal, can also improve local air quality, most notably particulate
matter (PM) and ozone (Os) air pollution. Further, whereas the benefits from climate
change mitigation would materialize far in the future, these co-benefits, or ancillary
benefits, would provide much more immediate “return on investment” in climate
change mitigation. Thus, as detailed below, the near-term human health co-benefits
of climate mitigation (e.g., fossil fuel emission reductions) may provide the most
economically compelling justification for immediate action towards climate change
mitigation. Here we discuss the health impacts of PM and ozone, two key air pollut-
ants that have substantial impacts on human health and that are likely to be reduced
by policies aimed at controlling GHG emissions.
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Fossil-fuel combustion processes that generate greenhouse gases (GHG) also emit
and or cause the creation of other harmful air pollutants. Thus, while policies designed
to avert the course of climate change would eventually result in direct human health
benefits from lessened global temperature changes and associated impacts, they
would also bring much more immediate ancillary human health co-benefits from the
associated reduced ground-level air pollution in the short term [1-6]. Several mea-
sures aimed at reducing GHG emissions, notably the reduced use of fossil fuels such
as coal, can also improve local air quality, most notably particulate matter (PM) and
ozone (O;) air pollution. Further, whereas the benefits from climate change mitiga-
tion would materialize far in the future, these co-benefits, or ancillary benefits, would
provide much more immediate “return on investment” in climate change mitigation.
Thus, as detailed below, the near-term human health co-benefits of climate mitigation
(e.g., fossil fuel emission reductions) may provide the most economically compelling
justification for immediate action towards climate change mitigation. Here we discuss
the health impacts of PM and ozone, two key air pollutants that have substantial
impacts on human health and that are likely to be reduced by policies aimed at con-
trolling GHG emissions.

Health Effects of Particulate Matter

Tropospheric aerosols that affect climate change also have significant human
health implications. A wealth of scientific literature clearly links particulate
matter with numerous adverse health effects. Indeed, a US Environmental
Protection Agency (USEPA) assessment of human health effects benefits of the
Clean Air Act attributed nearly 90 % of the estimated monetary valuation of the
human health effects benefits to be derived from the act during 1990-2010 to
reductions in PM [7].

Short-Term Exposure Effects of PM

Acute (short-term) exposure to particulate air pollution has been found to be associ-
ated with increases in the rates of daily asthma attacks, hospital admissions, and
mortality. PM is associated with increased risk of respiratory hospital admissions in
New York, NY, Buffalo, NY, and Toronto, ON [8], as well as with mortality in cities
such as Chicago, IL, and Los Angeles, CA [9, 10]. These results have been con-
firmed by other researchers considering locales elsewhere in the USA, and in other
cities throughout the world, including national multi-city studies [11-15].

In addition to lung damage, recent epidemiological and toxicological studies of
PM air pollution have shown adverse effects on the heart, including an increased
risk of heart attacks. For example, when PM stresses the lung (e.g., by inducing
edema), it places extra burden on the heart, which can induce fatal complications for
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persons with cardiac problems. Indeed, Peters et al. [16] found that elevated
concentrations of fine particles (PM <2.5 pm in aerodynamic diameter, i.e., PM, )
in the air could elevate the risk of myocardial infarctions (MIs) within a few hours,
and extending 1 day after PM, s exposure. Others found that a 48 % increase in the
risk of MI was associated with an increase of 25 pg/m* PM, s during a 2-h period
before the onset of MI, and a 69 % increase in risk to be related to an increase of
20 pg/m* PM, 5 in the 24-h average 1 day before the MI onset [16].

Epidemiologic research conducted in the USA and elsewhere has indicated that
acute exposure to PM air pollution is associated with increased risk of mortality. For
example, a national multi-city time-series statistical analysis of mortality and
PM <10 pm in aerodynamic diameter (PM,,) air pollution in 90 US cities indicates
that an increase of 10 pg/m? in daily PM,, is associated with an increase of approxi-
mately 0.3 % in the daily risk of death [17]. This result of a 0.3 % change in the
daily mortality rate is tied to the increment of pollution; in other words, a pollution
increase larger than 10 pg/m* would be associated with a larger increase in risk of
mortality. Further, such added risks apply to the entire population and accumulate
for every day of exposure until they account for many deaths from air pollution
globally each year.

Long-Term Exposure Effects of PM

In addition to the health effects associated with acute exposure to PM pollution,
long-term chronic exposure to particles is also associated with increased lifetime
risk of death and has been estimated to take years from the life expectancy of
people living in the most polluted cities, relative to those living in cleaner cities.
The first studies to show this association were cross-sectional studies that com-
pared metropolitan area death rates in high and low PM cities, after adjusting for
potentially confounding factors in the populations, such as age, sex, and race [18].
These results have since been confirmed by cohort studies that followed large
groups of individuals in various cities over time that are able to control for potential
confounding factors on an individual level. For example, in the Six-Cities Study,
which was a key basis for the setting of the USEPA’s original health-based regula-
tion for a PM, 5 annual standard in 1997, Dockery et al. [19] analyzed survival
probabilities among 8,111 adults living in six cities in the central and eastern
portions of the USA during the 1970s and 1980s. The cities were Portage, WI (P);
Topeka, KS (T); a section of St. Louis, MO (L); Steubenville, OH (S); Watertown,
MA (M); and Kingston-Harriman, TN (K). Air quality was averaged over the
period of study in order to study long-term (chronic) effects. It was found that the
long-term risk of death, relative to the cleanest city, increased with fine particle
exposure, even after adjusting for potentially confounding factors such as age, sex,
race, and smoking.

More recently, it is recognized that long-term exposure to combustion-related
fine particulate air pollution is an important environmental risk factor for
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Fig. 8.1 The cardiac, lung, and cancer mortality risks of long-term fine PM exposure increase
monotonically with exposure (Adapted from Pope, C.A. III, Burnett, R.T., Thun, M.J., Calle, E.E.,
Krewski, D., Ito, K., and Thurston, G.D. Lung cancer, cardiopulmonary mortality, and long-term
exposure to fine particulate air pollution. J. Am. Med. Assoc. JAMA) 287(9):1132-1141 (2002),
with permission)

cardiopulmonary and lung cancer mortality (Fig. 8.1). Indeed, this study indicates
that the increase in risk of lung cancer from long-term exposure to PM, s was of
roughly the same size as the increase in lung cancer risk of a non-smoker who
breathes passive smoke while living with a smoker, or about a 20 % increase in
lung cancer risk [20].

Other studies indicating health risk from chronic exposure to PM include a multi-
city US study finding than a 10 pg/m?® increase in yearly PM, s is associated with
approximately a 11-21 % increase in mortality [21]. A systematic review of research
on long-term PM exposure found that collectively, the studies indicate a 15-21 %
increase in mortality per 10 pg/m* PM, 5 [22].

Health Effects of PM Constituents

Particulate matter is a complex mixture of a wide array of chemical constituents,
and PM’s chemical composition varies seasonally and regionally [23]. For example,
some particles may have a larger contribution of sulfate whereas others may have
more nitrate. The chemical structure of particles is related to the sources. While
most past studies have investigated the effects of the PM mass concentration on
human health effects, newer studies have begun to evaluate the mortality impacts of
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PM by specific components or sources, including two key aerosol components that
affect climate change: sulfates and elemental black carbon (BC) soot.

With regard to acute effects of PM components, Thurston et al. [24] found that
coal burning-related sulfate containing aerosols were among those most associated
with increases in daily mortality. Bell et al. [25] found that communities with
higher PM, s content of nickel (Ni), vanadium (V), and elemental carbon (EC) and/
or their related sources were found to have higher risk of hospitalizations associ-
ated with short-term exposure to PM, 5. Lall et al. [26] similarly found that EC of
traffic origins was associated with higher risk of cardiovascular disease (CVD)
hospital admissions in New York, NY than PM,s mass in general. In a study of
mortality in New York, NY, Ito et al. [27] have reported that coal combustion-
related components (e.g., selenium (Se) and sulfur) were associated with CVD
mortality in summer, whereas the traffic-related EC showed associations with CVD
mortality throughout the year. Zhou et al. [28] investigated the PM, s components
and gaseous pollutants associated with mortality in Detroit, MI and Seattle, WA.
These authors similarly found that CVD and respiratory mortality were most asso-
ciated with warm season secondary aerosols (e.g., sulfates) and traffic-markers
(e.g., EC) in Detroit, while in Seattle, the component species most closely associ-
ated with mortality included those for cold season traffic and other combustion
sources, such as residual oil and wood burning. In addition, recent evidence has
implicated diesel traffic-derived EC as a factor in increased risk of acute asthma
morbidity [29]. Overall, these studies of PM, 5 components and constituents largely
indicate that both EC and sulfates (and their associated sources, including diesel
traffic and coal burning) were among the most explanatory of the acute adverse
health effects of PM, .

With regard to the long-term effects of PM air pollution, Ozkaynak and Thurston
[18] conducted the first source apportionment of PM, s-mortality effects, finding
that sulfate-related particles, largely from coal burning, were most associated with
the mortality impacts of long-term exposure to PM,s. More recently, Ostro et al.
[30] examined daily data from 2000 to 2003 on mortality and PM, s mass and com-
ponents, including elemental and organic carbon (EC and OC), nitrates, sulfates,
and various metals. The authors examined associations of PM, 5 and its constitu-
ents with daily counts of several mortality categories: all-cause, cardiovascular,
respiratory, and mortality age >65 years, finding the strongest associations between
mortality and sulfates and several metals. Ostro et al. [30] used data from a pro-
spective cohort of active and former female public school professionals to develop
estimates of long-term exposures to PM, s and several of its constituents, including
EC, OC, sulfates, nitrates, iron (Fe), potassium (K), silicon (Si), and zinc (Zn),
finding increased risks of all-cause and cardiopulmonary mortality from exposure
to constituents derived from combustion of fossil fuel (including diesel), as well as
those of crustal origin. In addition, Smith et al. [6] undertook a meta-analysis of
existing time-series studies, as well as an analysis of a cohort of 352,000 people in
66 US cities during 18 years of follow-up of the ACS cohort, finding total mortal-
ity effects from long-term exposure to both the elemental BC and sulfate compo-
nents of PM, s aerosols.
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Health Effects of Tropospheric Ozone

Tropospheric ozone is a highly reactive pollutant that is common in the urban envi-
ronment, as it largely results from emissions from fossil fuel combustion. Oj; is a
secondary pollutant, meaning it is not directly emitted, but rather is formed through
complex nonlinear reactions from the precursor’s volatile organic compounds
(VOCs) and nitrogen oxides (NOy) in the presence of sunlight. Sources of VOCs
and NOjy include transportation, industry, and power plants. Both VOCs and NO,
have natural sources, of which vegetative emissions are key contributors of VOCs.
Levels of O; are especially of concern in urban environments, and in fact in the USA
more persons live in areas that exceed the health-based regulations for O; than for
any other criteria pollutant. Ozone is a growing problem in developing regions of
the world, with expanding transportation networks and industry. Thus, this pollutant
is not only a global warming pollutant but also has significant global health impacts.

Short-Term Exposure Effects of O;

The scientific evidence for the respiratory morbidity effects from acute exposure to Os
is well documented. Animal toxicological studies have indicated that chronic Os
exposure caused structural changes in the respiratory tract, and simulated seasonal
exposure studies in animals have also suggested that such exposures might have
cumulative impacts, providing evidence of a biological foundation for the associa-
tions observed in population-based studies [31]. Recent epidemiologic studies have
also observed that reduced lung function growth in children is associated with sea-
sonal exposure to O; [32-34]. Based on evidence from animal toxicological studies,
short-term and sub-chronic exposures to O; can cause morphological changes in the
respiratory systems of a number of species, including primates. Following chronic Os
exposure, structural changes have been observed in the centriacinar region (CAR), the
region typically affected in most chronic airway diseases of the human lung. In addi-
tion, a substantial number of human exposure studies have been published that have
provided important information on lung inflammation and epithelial permeability.
Mudway and Kelly [35], for example, examined O;-induced inflammatory responses
and epithelial permeability with a meta-analysis of 21 controlled human exposure
studies, finding that polymorphonuclear neutrophils (PMN) influx in healthy subjects
is associated with total O; dose product of O; concentration, exposure duration, and
minute ventilation. Overall, animal toxicological studies indicate that short-term and
sub-chronic exposures to O; can cause morphological changes in the respiratory sys-
tems, particularly in the CAR [31]. Thus, there is strong supportive evidence from
both acute epidemiological studies and toxicological studies of respiratory morbidity
that ozone exposure can have serious respiratory morbidity health effects.

O; exposure has also been found to be associated with short-term increases in risk
of mortality as a result of acute exposures. Indeed, robust associations have been
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identified between various measures of daily O; concentrations and increased risk of
mortality. As summarized by USEPA [31]: “most of the single-pollutant model esti-
mates from single-city studies fall in the range between 0.5 and 5 % excess deaths per
standardized increment (40 ppb for 1-h max Os, 30 ppb for 8-h max O;, and 20 ppb
for 24-h avg. O,).” In addition, several studies in recent years conducted meta-analy-
ses of Os-mortality associations [36—-39]. Subsequent combined O; excess mortality
risk estimates from the meta-analyses by Bell et al. [40], Ito et al. [41], and Levy et al.
[36] were also very consistent. Associations have also been observed in other study
designs including multi-city time-series of 95 US urban cities over a 14-year period
finding a 0.52 % (95 % interval 0.27, 0.77 %) increase in mortality risk for a 10 ppb
increase in daily ozone over the previous week [42]. O; effects were also observed for
cardiorespiratory mortality. The Air Pollution and Health: A European Approach
(APHEAZ2) project examined ozone and mortality for 23 European cities with at least
3 years of data [43]. A 10 pg/m? increase in the 1-h max ozone was associated with a
0.33 % (0.17, 0.52 %) increase in mortality risk, with associations also observed for
cardiovascular and respiratory deaths. A case-crossover study of 14 US cities found
a0.23 % (0.01, 0.44 %) increase in mortality risk for a 10 ppb increase in daily maxi-
mum ozone levels, with matching on days of similar temperature [44].

There is evidence that the association between ozone and mortality persists at low
concentrations. A study of 98 US urban communities with 14 years of data used sev-
eral modeling approaches to investigate the shape of the exposure-response curve.
The first method assumed that any level of ozone could potentially be associated with
mortality risk; this is the traditionally applied time-series approach. The second
method examined the subset of data below specified values of 560 ppb, at 5 ppb
increments for daily ozone. A threshold model was fit to assume no association for
ozone levels below a specified threshold value and a traditional shape for higher ozone
levels. The final approach used a nonlinear function of ozone levels to allow a flexible
relationship between ozone and mortality. None of the alternative models found evi-
dence of a threshold at policy-relevant concentrations. The study found that associa-
tions were significant at levels nearing natural background concentrations and levels
below the USEPA’s National Ambient Air Quality Standard at the time of the study.

Several studies have examined whether associations between short-term expo-
sure to ozone and risk of mortality are confounded by airborne particles, which have
demonstrated links with mortality as discussed above. The most common approach,
to include a variable for particles in the model, was found to result in little change
to ozone effect estimates [37, 38, 40—44]. Figure 8.2 provides estimates of the asso-
ciation between ozone and mortality with and without adjustment for particulate
matter for early single-city studies and combined estimates of those studies. Other
approaches to exploring confounding have also provided evidence for the hypothe-
sis that the ozone-mortality association is not confounded by particulate matter,
including at low levels of ozone [23].

Some segments of the population may face a disproportionate burden from ozone
pollution. Communities with higher unemployment had higher effect estimates for
short-term ozone and mortality for 98 US urban communities [45]. A higher propor-
tion of Black/African-American residents was also associated with higher effect
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Fig. 8.2 Association between short-term ozone exposure and risk of mortality per 100 ppb increase
in 1-h maximum ozone. Note: The points reflect central estimates of individual studies. The open
squares reflect central estimates based on combining studies. The vertical lines reflect 95 % confi-
dence intervals (From Thurston, G. D.; Ito, K. Epidemiological studies of acute ozone exposures
and mortality. J. Exposure Anal. Environ. Epidemiol. 2001;11: 286294, with permission)

estimates. These findings may relate to differences in baseline healthcare status,
access to health care, or exposure patterns. However, the impact of population charac-
teristics on ozone effect estimates is not fully understood. Findings on socioeconomic
status and effect modification of short-term ozone associations are not consistent
across the few studies that have investigated this issue. In Mexico City, socioeconomic
status did not demonstrate clear patterns for ozone and mortality associations [46].

Overall, there is substantial and growing body evidence on acute adverse effects
of O3, and it can be concluded that robust associations have been identified between
various measures of daily O; concentrations and increased risk of mortality. Further,
the scientific evidence covers a variety of study designs and locations, and studies
have consistently demonstrated an acute mortality effect of ozone that is not con-
founded by particulate matter.

Long-Term Exposure Mortality Effects of O;

A limited number of epidemiologic studies have assessed the relationship between
long-term exposure to O; and mortality. While the 2006 O; AQCD concluded that
an insufficient amount of evidence exists “to suggest a causal relationship between
chronic O; exposure and increased risk for mortality in humans” [31], more recent
evidence specifically points to a relationship between long-term ozone exposure
and an increased risk of respiratory mortality.
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In the Harvard Six Cities Study [19], adjusted mortality rate ratios were exam-
ined in relation to long-term mean O; concentrations in six cities: Topeka, KS; St.
Louis, MO; Portage, WI; Harriman, TN; Steubenville, OH; and Watertown, MA.
Mortality rate ratios were adjusted for age, sex, smoking, education, and body mass
index. Mean O; concentrations from 1977 to 1985 ranged from 19.7 ppb in
Watertown to 28.0 ppb in Portage. Long-term mean O; concentrations were not
found to be associated with mortality in the six cities. However, the authors noted
that “The small differences in ozone levels among the (six) cities limited the power
of the study to detect associations between mortality and ozone levels.” In addition,
while total and cardiopulmonary mortality were considered in this study, respiratory
mortality was not specifically considered.

In a subsequent large prospective cohort study of approximately 500,000 US adults,
Pope et al. [20] examined the effects of long-term exposure to air pollutants on mortal-
ity (American Cancer Society, Cancer Prevention Study II). All cause, cardiopulmo-
nary, lung cancer, and all other cause mortality risk estimates for long-term O exposure
are shown in Fig. 8.1. While no consistently significant positive associations were
observed between O; and mortality, the mortality risk estimates were larger when
analyses considered more accurate exposure metrics, rising when the entire period was
considered compared to analysis using just the start of the study period, and becoming
marginally significant when the exposure estimates were restricted to the summer
months (July—September), especially when considering cardiopulmonary deaths.

In the more recent extended follow-up analysis of the ACS cohort [47], cardiopul-
monary deaths were subdivided into respiratory and cardiovascular, separately, as
opposed to combined in the Pope et al. [20] work. This analysis utilized the ACS
cohort with data from 1977 through 2000 (mean O; concentration ranged from 33.3 to
104.0 ppb). In two-pollutant models, PM, s was associated with the risk of death from
cardiovascular causes, whereas ozone was associated with the risk of death from respi-
ratory causes. Exposure to O; was positively associated with risk of death from respi-
ratory causes. The relative risk of death from respiratory causes=1.040 (95 %
confidence interval, 1.010-1.067) was found to be associated with an increment in
ozone season (April 1-September 30) concentration of 10 ppb. The association of
ozone with risk of death from respiratory causes was insensitive to adjustment for
confounders and to the type of statistical model. Overall, this analysis strongly sug-
gests that, while long-term exposure to PM, s increases risk of cardiac death, long-term
exposure to Os is specifically associated with an increased risk of respiratory death.

Ancillary Health Benefits of Climate Change Mitigation

Framework of Climate Mitigation Co-benefits Assessment

Figure 8.3 describes the relationships among the health consequences of climate
change and air quality policies and the general framework of how these responses
can be assessed. Air quality policies are routinely evaluated in terms of the
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estimated health outcomes avoided and their economic impact [7, 48]. However,
assessment of the health impacts of GHG strategies often considers only conse-
quences in the far future (i.e., left side of Fig. 8.3), without integration of the short-
term benefits of related policies [49]. Well-informed public health and environmental
strategies require full consideration of consequences, including co-benefits and
potential ancillary harms.

A broad array of tools to evaluate the health-related ancillary costs and benefits
of climate change is currently available, and some examples are provided in italics
in Fig. 8.3. As described in detail in Bell et al. [50], the general structure for most
assessments involves three key steps: (1) estimating changes in air pollutant
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concentrations, comparing levels in response to GHG mitigation to concentrations
under a baseline “business-as-usual” scenario; (2) estimating the adverse health
impacts avoided from reduced air pollution; and (3) for some studies, estimating the
monetary benefit from these averted health consequences, often with comparison to
the cost of the climate change mitigation measure.

The first step in such a co-benefit analysis is often the development of emissions
scenarios and information regarding how emissions translate into pollutant concen-
trations, such as with air quality modeling systems. The second step employs
concentration-response functions from existing epidemiological studies on ambient
air pollution and health. The third stage utilizes a variety of techniques to translate
health benefits into monetary terms. Potential additional steps include sensitivity
analysis, such as applying multiple climate change scenarios or concentration-
response functions for health effects.

Studies of Health and Air Pollution Benefits
and Costs of Climate Change Mitigation

A variety of studies have been conducted to estimate the health and air pollution
ancillary benefits and costs from GHG reduction, with a wide range of methods and
study areas. Energy scenarios, emission inventories, and global change and regional
air quality modeling systems have been linked to estimate the short-term incremen-
tal changes in public health and the environment that could result from various
GHG mitigation policies [51, 52].

There are now numerous analyses indicating substantial health co-benefits from
reductions in PM pollution that can be induced by GHG mitigation measures that
involve reductions in fossil fuel combustion emissions. As shown in Fig. 8.4, a
study of New York, NY and three Latin American cities identified significant health
benefits from reducing GHG, including about 64,000 cases of avoided premature
mortality over a 20-year period [53]. Country-wide assessments of GHG mitigation
policies on public health have been produced for Canada [54] and selected energy
sectors in China [55, 56], under differing baseline assumptions. A synthesis of
research on co-benefits and climate change policies in China concluded that China’s
Clean Development Mechanism potentially could save 3,000—40,000 lives annually
through co-benefits of improved air pollution [57]. Several studies investigated the
links between regional air pollution and climate policy in Europe [58—60].

Monetary Valuations of Mitigation Co-benefits

To help decision-makers assess policies with a wide array of health consequences,
outcomes are often converted into comparable formats. One used approach is to
convert health outcomes into economic terms to allow direct comparison of costs
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Fig. 8.4 Estimated potential human health benefits from reductions in air pollution associated
with implementing GHG mitigation measures in four cities (2001-2020). (From Cifuentes., L,
Borja-Aburto, V.H., Gouveia, N., Thurston, G.D., Davis, D.L. Climate change. Hidden health ben-
efits of greenhouse gas mitigation. Science. 2001 Aug 17;293(5533):1257-9, with permission)

and benefits. There are several common approaches for economic valuation of
averted health consequences (step 3 of Fig. 8.3): Cost of illness (COI); human capi-
tal; willingness to pay (WTP) methods; and quality-adjusted life year (QALY)
approaches. The COI method totals medical and other out-of-pocket expenditures
and has been used for acute and chronic health endpoints. For instance, separate
models of cancer progression and respiratory disease were used to estimate medical
costs from these diseases over one’s lifetime [61]. However, early attempts to value
mortality risk reductions applied the human capital approach, which estimates the
“value of life” as lost productivity. This method is generally recognized as problem-
atic and not based on modern welfare economics, where preferences for reducing
death risks are not captured. Another limitation is incorporation of racial- or gender-
based discrimination in wages. This method assigns value based solely on income,
without regard to social value, so unpaid positions such as homemaker and lower
paid positions such as social worker receive lower values. Because data are often
available for superior alternatives, this approach is rarely used in health benefit stud-
ies. WTP generates estimates of preferences for improved health that meet the theo-
retical requirements of neoclassical welfare economics, by aiming to measure the
monetary amount persons would willingly sacrifice to avoid negative health out-
comes. Complications arise in analysis and interpretation because changes in envi-
ronmental quality or health often will themselves change the real income (utility)
distribution of society. A valuation procedure that sums individual WTP does not
capture individual preferences about changes in income distribution. Another com-
plication is that the value of avoided health risk may differ by type of health event
and age. The QALY approach attempts to account for the quality of life lost by
adjusting for time “lost” from disease or death, but these estimates may be very
insensitive to different severities and types of acute morbidity [62].
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Estimating the ancillary public health consequences of GHG policies is a
challenging task, drawing upon expertise in economics, emission inventories, air
pollution modeling, and public health. However, most assessments to date have
focused more heavily on one aspect of the framework (i.e., a portion of Fig. 8.3),
whether it be estimation of changes in air pollutant concentrations, health response,
or economic analysis.

Results from current ancillary benefits studies may be underestimates due to
unquantified benefits, as only a subset of the health consequences from air pollution
have adequate exposure-response relationships [14, 63, 64]. A USEPA evaluation of
the clean air interstate rule (CAIR) noted numerous unquantified health impacts
such as chronic respiratory damage for O;, loss of pulmonary function for PM, and
lung irritation for NO, [14]. The nature of unquantified effects is continually evolv-
ing. Some pollution and health relationships considered unquantifiable by USEPA
[7] have since been identified, such as PM air pollution’s association with lung
cancer [65, 66]. Furthermore, some endpoints may be included in one analysis, but
regarded as too uncertain for another, perhaps due to a different study location or
differences in researchers’ judgment. One approach to addressing health endpoints
with uncertain concentration-response functions is to include these effects qualita-
tively in discussion of unquantified benefits. Another is to incorporate these effects
within a sensitivity analysis.

Valuations of mortality risk reductions associated with environmental policies
are usually the largest category of benefits, both among health responses and com-
pared to other attributes. For instance, a USEPA analysis of the Clean Air Act esti-
mated a value of $100 billion annually for reduced premature mortality out of $120
billion in total benefits, compared to costs of approximately $20 billion [7].
European and Canadian studies similarly found that mortality risk dominates analy-
sis of pollution reductions [62, 67]. Next to mortality, reductions in the probability
of developing a chronic respiratory disease have been estimated to have the highest
monetary value, recognizing that values for other types of diseases are sparse.

Recently, the Stern Review [68] addressed a wide range of global benefits and
costs associated with climate change, including air pollution co-benefits. Citing a
study by the European Environmental Agency, the Review notes that limiting global
mean temperature increase to 2 °C would lead to annual savings in the implementa-
tion of existing European air pollution control measures of 10€ billion and addi-
tional avoided annual health costs of 16-46€ billion. Even larger co-benefits are
estimated in developing countries, including via the substitution of modern fuels for
biomass. The Stern review also recognizes some of the trade-offs between climate
change objectives and local air quality gains. For instance, switching from petrol to
diesel reduces carbon dioxide (CO,) emissions but increases PM;, and NO, emis-
sions. Other GHG mitigating actions present fewer environmental trade-offs (e.g.,
reductions in aircraft weight can decrease CO, emissions and simultaneously
improve local air quality).

Overall, though still a work in progress, the present techniques available for the
analyses of the ancillary public health costs and benefits are adequate and appropri-
ate for implementation by those comparing the relative merits and overall value of
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various GHG mitigation policies. Estimates of considerable benefits that remain
after a variety of sensitivity analyses can alleviate some concerns regarding limita-
tions of individual methods or assumptions. The PM air pollution associated public
health changes associated with GHG mitigation strategies should be considered as
a key factor in the choice of GHG policies and noted as a potentially major local
incentive for programs to reduce GHG emissions.

Implications

The anthropogenic contribution to the climate change pollutants is largely caused by
the same activities that cause most air pollution health effects. This indicates that, if
a city, state, or nation acts to reduce the combustion of fossil fuels and the air pollu-
tion caused by them, it will reap not only the climate change benefits but also the
localized health benefits associated with that air pollution reduction. Thus, substan-
tial near-term air pollution associated health benefits of climate control measures may
go to the cities and countries that act most vigorously to control their combustion
emissions of GHG. These local and near-term health “co-benefits” of reductions in
the air pollution from fossil fuel combustion should be considered in the overall anal-
ysis, including economic consequences, for climate change mitigation measures.
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Chapter 9
Asthma, Hay Fever, Pollen, and Climate
Change

Anthony M. Szema

Abstract Climate change, if present, is associated with atmospheric warming—
so-called global warming—as well as volatility in weather patterns, leading to more
severe winters at a given latitude (since cold air typically further north in latitude is
pushed south) and hotter summer months (when the earth is closer to the sun). Hot
weather generates more pollen from plants. Cold weather is associated with asthma
emergency room visits in New York City. More pollen causes more disease, not
only allergically induced, but also non-allergic, since, ragweed, for example, pro-
duces more reactive oxygen species (ROS), so it may produce inflammation, lead-
ing to upper and lower respiratory tract symptoms, even in those persons without
allergic asthma, rhinitis, or conjunctivitis. Clean Air Act enforcement may reduce
sources of anthropogenic heat.
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pushed south) and hotter summer months, when the earth is closer to the sun [1].
Hot weather generates more pollen from plants [2]. Cold weather is associated with
asthma emergency room visits in New York City [3]. More pollen causes more
disease, not only allergically induced, but also non-allergic, since, ragweed, for
example, produces more reactive oxygen species (ROS), so it may produce inflam-
mation, leading to upper and lower respiratory tract symptoms, even in those persons
without allergic asthma, rhinitis, or conjunctivitis [4]. Clean Air Act enforcement
may reduce sources of anthropogenic heat [5].

Effect of Climate Change on Human Health

Does climate change have two potentially deleterious effects on human health:
(1) prolonged and more severe pollen seasons, leading to (2) worsened asthma and
allergies? If true, these downstream consequences may pose significant risks in
terms of patient care costs, lost time from work, morbidity, and possibly, mortality.

For the first question, supporting the possible concept of prolonged and more
severe pollen seasons from hot weather, the duration of ragweed pollen season has
been increasing as a function of latitude in North America—associated with delay
in first frost by 27 days and lengthening of the frost-free period at latitudes above
44°N since 1995 [2]. In Turkey, daily mean temperature and levels of sunshine are
associated with more severe pollen counts [6].

P.J. Beggs has reviewed work of other investigators, who have noted an asso-
ciation between increases in carbon dioxide (CO,) concentration in ambient air
and increases in pollen, even irrespective of temperature. Ziska and Caulfield
determined that ragweed pollen (Ambrosia artemisiifolia L.) production increased
from preindustrial times to the present. Wayne identified a twofold increase in
atmospheric CO, concentration led to a significant increase in ragweed pollen
production.

Ziska noted a CO, temperature gradient between rural and urban areas such that
the higher CO, concentration and air temperature of the urban area resulted in rag-
weed in air at higher concentrations. In another study, Ambrosia taxa actually
decreased, while concentrations of Juniper tree pollen (Juniperus), Quercus, Carya,
and Betula (birch tree pollen) increased. Speiksma studied Betula pollen in five
European cities from 1961 to 1993 and found slightly rising trends over this time.
Teranishi found that over a 15-year period from 1983 to 1998, Japanese cedar pollen
(Cryptomeria japonica) significantly correlated between total pollen count in a year
and temperature in July the previous year [7].

Not only do increased pollen counts provoke allergic disease, but also the
potency or allergenicity of pollen is concerning. Birch pollen grown at two tem-
peratures differing by 1.1 °C yielded significantly stronger allergenicity in pollen
from trees grown at higher temperatures. Hjelmroos found that heterogeneity of
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antigenic proteins was more diverse in pollen from the south side of trees, supporting
the concept that higher temperature from the south side of trees may modulate this
phenomenon.

Longer grass pollen seasons with earlier start dates have been associated with
increases in cumulative temperatures over 5.5 °C during winter—early spring
(January—March). Emberlin showed that start dates of the birch pollen season
advance 6 days over 10 years, for birch pollen, based on changes in spring tempera-
tures in four out of six sites in Europe.

In Italy, from 1981 to 2000, temperature warming was associated with an earlier
initiation of the pollen season. In particular, a plant family called Urticaceae had
prolongation of its pollen season—critically important, since this is clinically sig-
nificant in that region. A World Health Organization report concluded that an earlier
start and peak of the pollen season is more pronounced in species that start flower-
ing earlier in the year—and the duration of the season is extended in some summer
and late flowering species.

In North America, earlier start dates for juniper trees (Juniperus) and related taxa
Ulmus and Morus have been studied. Actually, an earlier start time was associated
with increasing winter temperatures. Other studies for the Japanese cedar (C. japon-
ica) have noted the first date of the pollen season advanced from 1983 to 1998, from
mid-March to late February, according to the mean February temperature. Ziska
found that higher CO, concentrations and air temperature of the urban area resulted
in earlier ragweed seasons, compared to rural areas.

Heat May Change Plant and Pollen Distribution
at a Given Latitude

Predictions of extending the northern limit of birch by several hundred kilometers
and increasing the altitudinal tree line have also been modeled with contraction of
the distribution in the south. Plantago lanceolata, a common allergen producer ben-
efited from more abundance after experimental studies of climate, soil, fertility, and
disturbance, though other species declined or became extinct.

A recent report found that the duration of the ragweed (Ambrosia spp.) pollen
season has been increasing in recent decades as a function of latitude in North
America. These latitudinal effects leading to increasing season length were associ-
ated with a delay in first frost of the fall season and lengthening of the frost-free
period. A significant increase in the length of the ragweed pollen season was found
between 13 and 27 days at latitudes above 44°N since 1995.

These data support the Intergovernmental Panel on Climate Change Projections,
which notes enhanced warming is a function of latitude. Greater exposure times to
seasonal allergens may therefore occur with subsequent effects on human health.
For example, 10 % of the US population is estimated to be ragweed-sensitive.
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As an explanation for the increased prevalence of allergic disease worldwide over
the past 30 years, ragweed, is an important factor, and climate change is a plausible
etiologic agent.

Shoot Growth, Water Use Efficiency, and Phenological Phases
(Leaf Unfolding, Needle Flush, Flowering) Potentially Affected
by Warming

Increased CO, concentration near perennial ryegrass seedlings leads to increased
shoot growth and increased biomass. In addition, Lindroth showed that carbon to
nitrogen ratios, or C:N, as well as starch concentrations and condensed tannin, of
paper birch, significantly increased in response to increased CO,. Other variables
that increase include below-ground mass, carbon, nitrogen, hexose sugar, gas
exchange properties, water use efficiency, and total mass.

The growing season can start earlier with warmth. In Europe, Betula pubescens
and Quercus robur have such phenological phases: (1) leaf unfolding, (2) needle
flush, and (3) flowering spring events. These advanced by 6.3 days, while autumn
events were delayed by 4.5 days, resulting in a longer growing season lengthening
by 10.8 days since the 1960s. This has been called the “anthropogenic greenhouse
effect.” Other studies have shown that elevated CO, concentration decreased seed
weight, increased germination percentage and rate, and increased seedling size for
the progeny of P. lanceolata. Both higher CO, concentration and air temperature of
the urban area led to ragweed plants which grew quicker and generated more above-
ground biomass than rural areas.

While this chapter has a focus on pollen, it is possible that other sources of aero-
allergens such as cockroach (Blattidae) may proliferate in the presence of higher
temperatures, since they would be able to survive passage between buildings,
thwarting extermination efforts [7].

Worsening Asthma and Allergies

Our research group determined that for the latter question—cold weather and
asthma—atmospheric temperature indeed impacts New York City asthma emer-
gency room visits. Temperature data were recorded in Central Park from 2000 to
2007. Particulate matter (PM2.5) air pollution data—the concentration of
2.5 pm-sized particles per cubic meter of air—were collected from the Bronx,
Queens, and Manhattan from 2006 to 2009. Pollen counts were measured in
Brooklyn in 2008. We obtained New York City asthma emergency room visit data
from NYC.GOV from 2000 to 2007. Relations among these data were determined
based on correlation coefficients. There was a reverse relationship between asthma
indicators and temperature, i.e., extremely low temperature was associated with
higher asthma discharge rates in the Bronx [3].
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Fig. 9.1 Ragweed pollen counts over time in Europe. Ragweed pollen counts increase in season
and are predicted to rise in Europe over time. The hotter summer month in August/September are
associated with more release of pollen. From the Climate Change and Variability: Impact on
Central and Eastern Europe website coordinated by the Max Planck Institute of Meteorology
(From Pélvélgyi, T., Szab, E. and Makra, L., 2009. Ragweed Impact Case Study (in: Evaluation
and assessment of various impacts in the framework of CLAVIER Project—Climate Change and
Variability: Impact on Central and Eastern Europe, www.clavier-eu.org). Scientific Report, Env-
in-Cent Ltd., Budapest, http://www.clavier-eu.org/?q=node/880, with permission)

Does More Pollen Cause More Disease?

Prolonged pollen seasons may increase the duration of human exposure to
aeroallergens and may increase the risk of allergic sensitization. In those persons
with allergic disease, a longer pollen season may increase the duration of allergy
symptoms. Higher concentrations of atmospheric pollen may also increase the
severity of allergic symptoms [2].

Ragweed (known as Artemisia species) pollen represents a major cause of allergy
in Central Europe. Variations in the pollen season, the influence of climate vari-
ables, and the prevalence of pollinosis to it were analyzed in Poznan, in western
Poland, between 1995 and 2004. The Artemisia species pollen season grew longer
due to a clear advance in the starting day and only a slightly earlier end point; the
peak day also came slightly earlier. Temperature was directly correlated with daily
Artemisia species pollen levels; relative humidity was inversely correlated.
Figure 9.1 shows that ragweed pollen counts increase in season and are predicted to
increase over time, supporting the possibility that more pollen will cause more dis-
ease in the future.
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Twelve percent of patients had a positive skin prick test reaction to Artemisia
species. Their symptoms were rhinitis and conjunctivitis (15 %), atopic dermatitis
(15 %), chronic urticaria (14.3 %), bronchial asthma (2.4 %), and facial and dis-
seminated dermatitis (1.3 %). Chronic urticaria, though present in this series, likely
was unrelated to seasonal pollen. Elevated specific IgE concentrations were detected
in the sera of 10.1 % of patients. Pollen season intensity was also found to be highly
influenced by rainfall in the previous weeks. Trends towards earlier season starts
and longer duration, possibly caused by climate change, may have had an impact on
this allergic Polish population [4].

Another study relates geo-climate effects on asthma and allergic diseases in
adults in Turkey (PARFAIT study). Evaluation of 25,843 questionnaires from par-
ents of 25,843 primary schoolchildren in 14 cities indicated that mean annual tem-
perature was significantly associated with the prevalence of asthma and wheezing in
both genders. Eczema and temperature were associated in female subjects. Asthma
in women was associated with mean annual humidity in the air. Annual number of
days with snow was associated with wheezing [8].

In Japan, cypress and cedar plantations account for % of the population suffering
from hay fever in the spring. Kouji Murayama, quoted in Nature points to global
warming as linking summer temperatures to the amount of pollen produced the fol-
lowing spring and that these data already provide the basis for pollen forecasts [9].
Tokyo’s average yearly temperature has increased by 3 °C since 1890 and is pre-
dicted to rise up to 3.5 °C by the end of the century. If this is indeed the case, then
it is possible that the number of hay fever sufferers will rise by 40 % by the year
2050. Thus, global warming has the potential to magnify an already entrenched,
important health problem in Japan.

Global warming may be additive with higher levels of industrial carbon dioxide
and diesel exhaust. However, even economic factors may intensify the problem,
since unmaintained cedar and cypress plantations allow trees to mature to their
prime pollen-producing age. A solution would be to replace these pollen-producing
trees with pollen-free cypress and cedar, an approach which may take decades to
implement.

Pollen types are temporally related seasonally. In the Northeast US, tree pollen
sheds in the spring, grass pollen is released during summer, and weed typically is
disbursed in late summer (classically taught as August 15, especially with
ragweed).

These large pollen grains, about 5 pm in size or larger, are deemed too small to
be respirable, and rather deposit in the ocular conjunctiva to cause allergic conjunc-
tivitis—watery, itchy, red eyes, are sequellae. These pollen grains also contact the
nasal mucosa and trigger allergic rhinitis or hay fever via an IgE-mediated mecha-
nism, in those allergically sensitized.

For ragweed pollen, even in those not allergically sensitized, ROS are produced
to incite inflammation. Runny nose, itchy nose, postnasal drip, repetitive sneezing,
stuffiness/congestion, and dry cough are cardinal symptoms.

Physical exam signs related to histamine release include allergic shiners (dark,
puffy eyes from histamine release), Dennie—Morgan lines (lines below the eyelid
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Fig. 9.2 Cardinal physical examination signs of atopic disease. Allergic shiners in a 34-year-old
pregnant woman. The swollen dark eyelids are from histamine release. The patient appears tired
despite many hours of sleep. The physical appearance makes her appear older than her stated age.
Dennie-Morgan lines are horizontal lines across eyelids. A nasal crease is the horizontal band
across the bridge of the nose. The nasal crease is caused by upward rubbing of the nose in itchy
patients. The physical act of upward rubbing of the nose is called the “allergic salute,” which is
responsible for the nasal crease. They should rub downward to prevent this permanent sign. This
patient was admitted with throat closure and uvular swelling after inhaling hyacinth pollen at her
house at the onset of the spring vernal equinox (Courtesy of Shauna McCleary, Stony Brook
Allergy & Asthma, Stony Brook, NY)

from histamine release), nasal crease (from rubbing the nose in an upward fashion
leading to bent cartilage in the nose), and the nasal salute (rubbing one’s nose with
an upward movement of the hand) (Fig. 9.2). Since pollen grains are too large to be
respirable, they do not directly reach the bronchi. However, pollen-induced asthma
does occur and manifests late in the season and after it ends.

For grass, in particular, the English have noted “thunderstorm asthma” when
respirable particles become airborne during gusts of wind. The reason for the lack
of immediate asthma symptoms may be due to the location of allergens in pollen.
Important allergens are on the outside of the cell membrane called the exine. They
are actually not produced by the pollen cell itself but are “stuccoed” onto the exine
by other cells of the male flower. Considerable amount of allergens remain behind
for weeks after pollen is shed. Also, allergens extracted from pollen by raindrops
may lead to airborne dust particles after drying. So, asthma symptoms may begin
after hay fever symptoms and persist longer [10].

Figure 9.3 describes the cascade of pollen inhalation leading to allergic asthma.
Pollen is inhaled and the protein antigens in pollen are engulfed by antigen-
presenting cells such as the macrophage, which degrades protein into peptides. The
peptides are shuttled to the macrophage surface and presented to an activated T cell
in the context of major histocompatibility complex type II. The T cell, when acti-
vated, engages a B cell via CD40 ligand (also known as CD154) interactions with
CDA40, using accessory molecules CD80 on the T cell and CD86 on the B cell.
Depending on the cytokine environment near these cells, for example, if IL-4 is
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Fig. 9.3 The allergic cascade simplified from pollen inhalation to disease

present, then the B cell will differentiate into a plasma cell and class switch from
IgM to IgE in order to make immunoglobulin molecules IgE, the allergic antibody.
These IgE allergic antibodies bind to IgE receptors in mast cells, and when two IgE
molecules are in close proximity, they dimerize and engage the mast cell to release
its content of pro-inflammatory pre-formed mediators, such as histamine, which
causes clinical airway constriction and gastrointestinal symptoms, and vascular
inflammation. Generation of pro-inflammatory cytokines such as IL-5 will recruit
the eosinophil allergic cell to release its hydrogen peroxide, which damages airway
epithelium.

Is There an Additional Effect of Non-allergenic Air Pollution
Acting in Concert with Aeroallergens?

Ragweed has physicochemical properties to release ROS to cause disease; a two-hit
hypothesis may come into play for those allergic to ragweed. For those not sensi-
tized, ROS may play a role solely; for those with allergies, ROS plus IgE-mediated
disease would enhance the inflammation [11].
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Changes in production, dispersion, and allergen content of pollen and spores,
both region- and species-specific may have been influenced by urban air pollutants
interacting directly with pollen [12]. While the incidence of allergy and asthma
appears to be increasing worldwide, residents of urban areas more frequently expe-
rience these conditions than rural dwellers. Outdoor air pollution concentrations
result from intense energy consumption and exhaust emissions from automobiles.

Urban air pollution is a serious public health hazard. Laboratory studies have
confirmed epidemiologic evidence that air pollution adversely affects lung function
in asthmatics. Damage to airway mucous membranes and impaired mucociliary
clearance caused by air pollution may facilitate access of inhaled allergens to the
immune cells in the airway, thus promoting sensitization of the airway. Consequently,
amore severe allergic antibody (immunoglobulin IgE-mediated) response to aeroal-
lergens and airway inflammation could account for increasing prevalence of allergic
respiratory diseases in polluted urban areas.

The most abundant components of urban air pollution entail high levels of vehi-
cle traffic with airborne particulate matter called PM10 and PM2.5, nitrogen diox-
ide, and ozone [5]. Diesel exhaust is particularly troublesome, since it increases the
production of allergic IgE antibodies [13]. Ozone levels have been modeled to track
asthma emergency room visits and are predicted to be associated with increased
pediatric emergency room visits for asthma for the next decade. Changing levels of
ozone could lead to a 7.3 % increase in asthma-related emergency room visits by
children, ages 0—17.

This asthma and ozone study, led by Perry Sheffield, MD at Mount Sinai School
of Medicine, used regional and atmospheric chemistry models. Regional climate and
air quality information was linked to New York State Department of Health records
of pediatric, asthma-related emergency room visits in 14 counties that are part of the
New York City metropolitan area. They simulated ozone levels for June through
August for 5 consecutive years in the 2020s, and compared them with 1990s levels.
They then determined a median increase of 7.3 % in ozone-related asthma emer-
gency department visits, with increases ranging from 5.2 to 10.2 % per county [14].

If the earth’s temperature is increasing—from fossil fuel combustion, green-
house gas emissions from energy supply, transport, industry, and agriculture—then
climate change altering the concentration and distribution of air pollutants, and
interfering with the seasonal presence of allergenic pollens in the atmosphere, will
significantly prolong these periods [15]. An example of melting of even glacial ice
over time is seen in Figs. 9.4 and 9.5, which show Hubbard Glacier, Alaska in 1986,
the last year ice reached “the gap” to land. In 2011, the gap is wide and ice floes are
melting, shrinking the size of the glacier.

The Clean Air Act gives Americans the opportunity to attenuate anthropogenic
climate change like industrial air pollution, thereby alleviating a man-made scourge
of heat-induced increased aeroallergen concentrations. I testified before Congress
about the need to fund the EPA and the Clean Air Act, and in this chapter, based on
letter published in the January 2012 issue of the Journal of Occupational and
Environmental Medicine, I reaffirm my position [5, 16].



Fig. 9.4 Hubbard Glacier Alaska circa 1986. In 1986, Hubbard Glacier, Alaska, squeezed the
passage between Russell Fiord (background) and Disenchantment Bay (foreground) in this photo
taken the last time Hubbard “galloped” and closed the passage (From the US Forest Service public
website. http://www.fs.fed.us/r10/tongass/forest_facts/photogallery/hubbard_photos.html)

Fig. 9.5 Hubbard Glacier Alaska, July 2011. Hubbard Glacier photo taken by the author, July
2011, aboard the MS Westerdam, Holland America Line. Note the melting ice floes. There is a gap
between the glacier and land to the right
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Chapter 10
Dengue Fever and Climate Change

Lauren Cromar and Kevin Cromar

Abstract Dengue fever is a viral, tropical, and subtropical mosquito-borne disease.
In recent history, transmission has increased drastically with incidence increasing
30-fold over the past 50 years. Today, an estimated 50—100 million infections occur
annually and dengue fever is now ranked as the most important vector-borne viral
disease in the world. Once localized to a few areas in the tropics, dengue fever is
now endemic in over 100 countries. Population growth, unplanned and uncontrolled
urbanization, and increased travel paired with ineffective vector control, disease
surveillance, and inadequate public health infrastructure have been cited as drivers
in the recent escalation of cases.
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Dengue fever is a viral, tropical, and subtropical mosquito-borne disease. In recent
history, transmission has increased drastically with incidence increasing 30-fold
over the past 50 years [1]. Today, an estimated 50—100 million infections occur
annually and dengue fever is now ranked as the most important vector-borne viral
disease in the world. Once localized to a few areas in the tropics, dengue fever is
now endemic in over 100 countries. Population growth, unplanned and uncontrolled
urbanization, and increased travel paired with ineffective vector control, disease
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surveillance, and inadequate public health infrastructure have been cited as drivers
in the recent escalation of cases [2].

A growing public health concern exists not only due to the increased magnitude
of incidence but also to the escalating severity of its complications. A more severe
and deadly form of the disease, dengue hemorrhagic fever (DHF), has also become
more prominent in recent decades. Currently, an estimated 500,000 people are
hospitalized due to DHF each year resulting in 22,000 deaths which occur mainly
in children. DHF is now a leading cause of death in children in several countries in
Southeast Asia where the virus has an established history of hyperendemicity [3].
In areas such as the Americas where hyperendemicity is a new and growing occur-
rence, DHF rates have increased dramatically and experts fear that a continuing
escalation of DHF incidence and mortality is inevitable [4].

This chapter addresses climate-related factors that are associated with dengue
disease today and provide insight into how this growing epidemic may be impacted
by a continuing changing climate in the future. Special attention will be paid not
only to direct climate impacts on the transmission of the disease but will also delve
into how the socioeconomic and cultural changes that are likely to accompany cli-
mate change may impact the spread of the disease. The chapter also ends with a
discussion of projected climate change associated impacts on dengue fever in sev-
eral distinct geographic regions around the global.

Dengue Disease

The dengue virus is a member of the family Flaviviridae along with West Nile virus
and yellow fever virus. The dengue virus has four distinct serotypes, DENV-1,
DENV-2, DENV-3, and DENV-4. The genetic variations between serotypes result
in variations in the transmissibility and severity of the disease.

Infection from one of the dengue serotypes can cause a range in disease severity
from asymptomatic cases to severe and even fatal infections [5]. The most common
manifestation of infection is dengue fever. Classical symptoms include a high fever
with an abrupt onset accompanied by severe pain in the muscles and joints (thus
earning it the name of “breakbone fever”), severe headaches, pain behind the eye,
and a rash. Unfortunately, there is no specific drug treatment for dengue fever.

While the adaptive immune response from an initial infection proves to be pro-
tective from subsequent infection by the same serotype, it is not protective from
infections from any of the three remaining serotypes. In fact, after a brief period of
cross protection, antibodies from a previous infection of a different serotype are
believed to be major factors in the development of DHF, the more severe form of the
disease [6]. This occurs through a phenomenon known as antibody-dependent
enhancement [7]. Due to antibody-dependent enhancement, even primary infections
in infants can result in the development of DHF if maternal anti-dengue virus
antibodies have been supplied by the mother [8]. Several other factors have been
identified in triggering the development of DHF including varying degrees of
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virulence of the infecting strain and differences in the susceptibility of the host due
to age, immune status, race, and other genetic factors [9, 10].

In recent decades, greater movement of dengue serotypes between populations
has been fueled in part by increased global travel. Only nine countries had reported
DHEF previous to 1970, but that number had increased fourfold by 1995 [1].

There is no current vaccine against dengue virus infection. As dengue fever can
be caused by four separate serotypes of the virus, an effective vaccine must immu-
nize against all four serotypes to be effective. Reinforcing this necessity is the fact
that if a vaccine fails to provide immunity against one of the serotypes, an immu-
nized individual is put at risk of developing DHF via antibody-dependent enhance-
ment. The requirement that four dengue vaccines must be developed and combined
in a single vaccine to preclude the development of DHF presents one of the largest
challenges in vaccine development. Despite the challenges, many vaccine candi-
dates have been developed and are at various stages of development. As the greatest
hope in reducing future dengue fever incidence lies in vaccination, it is hoped that
such development efforts may prove successful.

Vectors and Transmission of Dengue

Dengue is transmitted by two mosquito species: primarily by Aedes aegypti, and
secondarily by Aedes albopictus. A. aegypti is distributed around the globe in many areas
throughout the tropics and subtropics and often invades farther north and south during
the warmer summertime months [11, 12]. It is currently at the widest global distribution
in its history due in part to increased globalization, international trade, and travel.

A. aegypti exhibits a very high dengue virus infection rate, making it a very com-
petent vector. It is this species that is primarily responsible for the high levels of
endemic dengue fever in so many countries and for the explosive outbreaks that
occur. A. aegypti are not vectors for dengue virus alone, but also carry the yellow
fever virus which, despite the existence of an effective vaccine, still causes approxi-
mately 200,000 illnesses and 30,000 deaths per year.

A. aegypti has several characteristics and tendencies which make it especially
adapted to domestic life and to being an especially effective disease vector. It has
almost entirely adapted to urban life, preferring to breed in or around homes in arti-
ficial household or yard water containers [13]. Common breeding sites include
water storage drums, discarded automobile tires, vases, buckets, flower pots with
saucers for water collection, and general trash (such as plastic containers) which can
collect rainwater [ 14].

Adult mosquitoes have a tendency to live within homes and buildings, often taking
refuge in the rafters and on the walls at night and feeding on the human inhabitants
during the daytime hours [15]. Females are strongly anthropophilic, vastly preferring
to feed on humans than on non-human mammals [16]. They are also easily inter-
rupted while feeding and tend to have multiple feedings per completion of each
gonotrophic cycle thus allowing for disease transmission to multiple individuals [17].
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Despite continued efforts to control A. aegypti in a multitude of areas around the
globe, increasing dengue epidemics likewise bear witness to their shortcomings
and, at times, outright failures. The large-scale control of A. aegypti has been stated
as being one of the most conspicuous failures in the public health sector [18].

Aedes (Stegomyia) albopictus, a species commonly referred to as the “Asia tiger
mosquito” is considered to be a secondary vector for the dengue virus. Like A.
aegypti, A. albopictus has experienced a wide expansion in global range in recent
history. The range of A. albopictus includes more northern and southern extremes
than that of A. aegypti [19]. A. albopictus also utilizes a wider range of habitats and
is more likely to be found in rural and suburban areas. The invasion of A. albopictus
is theorized to be responsible for the displacement of A. aegypti in several locations
such as the Southern United States and Brazil [20, 21].

A. albopictus are considered to be less competent dengue vectors for several
reasons. They are much less domesticated than A. aegypti. The fact that they largely
utilize natural breeding habitats and generally fail to become established in well-
populated urban areas naturally results in their smaller role in precipitating out-
breaks [22]. A. albopictus are much less likely to be found indoors. They are
opportunistic feeders and do not display the marked preference for feeding on
humans as do A. aegypti [19]. Evidence also exists that A. albopictus has a lower
oral receptivity and infection rate for the dengue virus [23].

Climatic Effects on Entomological and Viral Parameters
in the Dengue Transmission Cycle

An investigation into the relationship between climate and dengue fever reveals that
climatic factors are strong determining factors on many of the biological and
mechanical processes which drive dengue transmission. Many of the entomological
variables which directly affect the severity of dengue epidemics are highly corre-
lated with factors such as temperature, humidity, and rainfall. Not only do climatic
factors primarily determine the range, density, and vector efficiency of A. aegypti,
but they are also major factors in determining the rates of dengue virus multiplica-
tion and transmission. While the impacts of climatic factors on dengue transmission
will be discussed specifically for A. aegypti, the general principles may be applica-
ble to other mosquito species as well.

Climatic Factors and the A. aegypti Life Cycle

Temperature

Of all the climatic factors that affect the life cycle of A. aegypti, and consequently
the transmission of dengue fever, the importance of temperature is perhaps the most
apparent. The global range of A. aegypti is limited both longitudally and
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latitudinally by decreasing temperatures [15]. Beyond limiting A. aegypti
distribution, temperature is a large factor in determining the population size within
that range. Field data has demonstrated the link between temperature and A. aegypti
density over space and time and it is understood that populations are generally
favored with increasing temperatures.

The A. aegypti life cycle displays several minimum and maximum temperature
survival thresholds. Long-term exposure to temperatures under 10 °C or over 40 °C
is generally lethal to eggs [24]. Upon hatching, larval and pupae survival is gener-
ally highest between 16 and 36 °C, dropping off steeply at lower and higher tem-
peratures [25]. Adults activity and survival is limited outside of the range of
15-36 °C [26]. In practice, however, A. aegypti populations have been found to
survive despite extreme temperatures by taking refuge in or around buildings or
breeding in large water storage tanks.

The time required to complete each life cycle and the vector population size are
also highly temperature-dependent. In most of its range A. aegypti completes many
life cycles per year, but near the border of its distribution that only 3—4 life cycles
can be completed in a year [15]. This difference is explained by temperature impacts
on multiple stages throughout the life cycle. For example, as temperatures decrease
from 20 °C, females display a large delay in the time between blood meals and ovi-
position (the laying of eggs). Oviposition rate, number of eggs laid per female per
day, is strongly correlated with temperature with females laying about twice as
many eggs at 25 °C than at 20 °C and three times as many at 31 °C [15, 27]. The
incubation time before eclosion (hatching) is brief at high temperatures, taking only
2 days at 31 °C and becoming longer as temperatures decreases, taking 20 days at
16 °C [24]. Upon eclosion, development through the immature stages is positively
correlated with temperature with total time to development taking about 15 days at
20 °C, about 9 days at 25 °C, and about 6 or 7 days above 30 °C [27]. From these
examples it is clear that the time required to complete one life cycle is much shorter
at higher temperatures.

Relative Humidity

In addition to temperature impacts, the effects of relative humidity on the A. aegypti
life cycle are also significant. Relative humidity can play a role in evaporative loss of
water from smaller containers serving as habitats for immature forms, but the most
notable effects are limited to events within the adult and egg stages. Laboratory
experiments with varying humidity levels tend to show graduated effects over a wide
range of relative humidity levels as opposed to having defined threshold effects.
Under low-humidity conditions females significantly delay oviposition and lay
fewer eggs (e.g., an average of 10.6 eggs in 34 % relative humidity compared to
31.02 eggs in 84 % relative humidity over a 19-day period) [28]. Eggs remain viable
for 2 months at 42 % humidity, but for twice as long at 88 % humidity [29].
Survival of adults is the most influential aspect of relative humidity in affecting
dengue virus transmission rates. Because the latent period of the dengue virus
within the mosquito can be fairly long, the lifespan of the mosquito is a critical
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factor on whether or not an infected mosquito may be able to transmit the virus
before her death. The relationship between humidity and mortality is near linear
with large differences existing even between higher levels of humidity [28, 30].

Climatic Factors and Biting Behavior

The role of biting rates in the epidemiology of dengue fever is pivotal. An increase
in the biting rate not only increases the probability of a mosquito becoming infected
with the dengue virus but also her ability to transmit it. Whereas A. aegypti popula-
tion size is linearly related to its vectoral capacity, biting rates are exponentially
related [31]. It is clear that even small increases in the biting rate have the potential
to result in relatively large increases in the incidence of dengue fever [32].

The quicker immature A. aegypti development time that results from higher
temperatures yields smaller adult mosquitoes with lower energy reserves. As this
occurs, females need to feed sooner and require more than one blood meal in order
to complete a reproductive cycle and biting rates increase [13, 33, 34]. Experiments
show a pattern of increasing biting rates with temperature until an optimal tempera-
ture around 30-35 °C is reached [35]. Humidity levels have also been found to
promote increases in the general activity levels of the A. aegypti mosquito and
contribute to increased biting rates [15].

Viral replication is also highly affected by temperatures. The length of the extrin-
sic incubation time, or the period after a mosquito feeds on an infectious host until
it is able to transmit the virus, is a large factor in transmission risk. When female
mosquitoes bite an infected host, most are not capable of passing on the virus due to
the fact that they often die before the extrinsic incubation time has completed [11].
A clear temperature-dependent variation on the extrinsic incubation time of the den-
gue virus has been found. For example, in mosquitoes infected with DEN-2, the
extrinsic incubation time was found to be 7 days at 32 and 35 °C and 12 days at
30 °C. No viral transmission was found at 26 °C [36]. Increased biting rates and
shorter extrinsic incubation time may account for seasonal epidemics where a sea-
sonally dynamic A. aegypti population has not been found and in epidemics in areas
where A. aegypti density is below levels considered to be protective [37-39].

Climate-Based, Mechanistic Dengue Transmission Models

As many facets of the growth, survival, reproduction, and behavior of A. aegypti and
replication of the dengue virus have demonstrated clear relationships with climatic
variables, several attempts have been made to mathematically model A. aegypti
populations and the risk of dengue transmission. Modeling based on several ento-
mological temperature-dependent variables calculates the optimal temperature for
maximum growth of A. aegypti populations to be 29.2 °C with a range of 27-30 °C
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[26, 27]. Using only vector life cycle parameters, a continuation of this model
suggests that 28 °C yields the greatest risk of dengue transmission. When modeling
includes dynamic viral replication and biting rates, an increasing risk of transmis-
sion is found even as temperatures rise beyond the optimal range for A. aegypti [40].

Using this methodology, temperature-dependent transmission thresholds in
terms of pupae per person have been calculated. These thresholds demonstrate a
clear dependency on temperature and illustrate how hotter climates can make effec-
tive control efforts very difficult. For example, Bangkok, Thailand has an observed
1.69 pupae per person on average [41, 42]. With an average summer temperature of
29.2 °C, the protective threshold is calculated at 0.29 pupae per person (assuming
33 % seroprevalence), a value which would require control efforts to decrease A.
aegypti prevalence by 83 %. Mayaguez, Puerto Rico, on the other hand, has a simi-
lar average of pupae per person, 1.73, but with a temperature of 26.6 °C, would need
only a 40 % effective control effort in order to bring pupae count down to a protec-
tive threshold of 1.05 per person [40]. It is interesting that this model predicts the
greatest decrease in the transmission threshold between 28 and 30 °C (approxi-
mately a fourfold decrease) as this range includes the “dengue season” temperatures
of many dengue-endemic countries.

Other modeling based on multiple climate variables suggests that in different
climates, A. aegypti density (and thus the risk of dengue fever) is most strongly cor-
related with differing climatic variables. For example, in moist and tropical region,
rainfall is already sufficient to support larval survival and oviposition. It is therefore
the increases in temperature, and to a smaller extent relative humidity, which cause
the largest increases in A. aegypti populations. Drier regions, in contrast, exhibit
stronger correlations with precipitation than with other factors as moisture is the
limiting factor for mosquito survivorship and fecundity.

Lessons Learned from Observational Studies

Observational studies that analyze the relationship between climatic variations and
dengue fever incidence in locations around the globe yield evidence to further reveal
the relationship between climate and dengue in real-world settings. Dengue and
climate have been linked by a multitude of studies across both temporal and spatial
scales utilizing various tools and methods of analysis [57].

Because of the multiplicity of factors which contribute to dengue transmission
within a community, climatic factors can only account for a portion of transmission-
supporting conditions and so cannot explain all the variations in dengue rates.
Suitable weather is necessary for sustained dengue transmission, but it is not suffi-
cient. Still, strong evidence linking the two exists that can help to evaluate the
effects of projected changes in climate.

Analyses which test the correlation of dengue rates and climatic conditions over
time are most common. The climatic factor most commonly associated with dengue
incidence and A. aegypti population size in time-series studies is rainfall. Rainfall is
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highly seasonal in many areas that experience dengue fever. In such areas, A. aegypti
populations and dengue infections become very low or nonexistent during the dry
periods of the year when vector breeding becomes inhibited but increase sharply
with the onset of the rainy season. While A. aegypti and dengue incidence are often
strongly linked to the timing of rainfall, there is less evidence of a strong link to the
magnitude of rainfall. In fact, an overabundance of rainfall may decrease the A.
aegypti population by washing larvae from breeding containers [43].

One caveat in the importance of rainfall is the fact that dry periods can increase
household storage of water creating ideal breeding sites in close proximity to
humans. Incidentally, water storage containers are one of the most productive vector
breeding sites [44, 45]. Thus the vector cycle and dengue fever epidemics may also
be induced by a lack of rainfall in areas where the water supply is unreliable or not
easily accessible [46]. Epidemics are also commonly linked to periods of moderate
to severe drought. In such times, water storage becomes widespread and the empty-
ing and cleaning of water containers is avoided [47-50].

While the relationship between dengue and rainfall is clear in many locations, a
strong correlation with temperature is often not found. Some have cited these find-
ings as evidence of a weak link between the two. However, many dengue endemic
countries have little intra-annual temperature variation and rarely cool to levels
which would inhibit mosquito activity. In such situations, temperature is sufficiently
high during the period of highest rainfall, but a lack of rainfall inhibits the reproduc-
tion of the vector often during the period of the year when temperatures are the
highest. In areas where temperatures seasonally cycle to a level nonconductive to
mosquito and viral activities, temperature is likewise found to be highly correlated
with dengue incidence [51-53]. Additionally, when the effects of rainfall are taken
out of the equation, such as in areas where there is sufficient rainfall year-round for
vector breeding or where breeding sites are human-filled, a strong association with
temperature is often revealed [54-56].

Further evidence of the importance of temperature can be found in spatially
based studies where a strong association with annual temperature values is found
more often than with rainfall levels. Humidity levels are less likely to drop to inhib-
iting levels in dengue-endemic countries and as such, strong associations between
relative humidity and dengue incidence are rarely found [57].

In areas with seasonal climates, it has been established that seasonal variations in
temperature and rainfall drive the timing of “dengue seasons,” but an understanding
of what drives the magnitude of seasonal epidemics year to year is more useful. Of
particular use are studies which analyze deviations in climate factors from normal
cyclic levels. In Puerto Rico, for example, it was found that while intra-annual fluc-
tuations were driven by rainfall, year-to-year differences were temperature-driven
[43, 58]. In Thailand, the timing of dengue was also linked to the timing of rainfall.
Annual increases in dengue infection rates, however, were likewise found to be
driven by increases in mean temperatures [59]. Similar conclusions have been found
in other locations [56].

The El Nifio Southern Oscillation (ENSO) phenomenon provides added data on
dengue and climate and affords additional clues on the effects of long-term climate
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change on dengue incidence and human health. ENSO-related deviations in climate
mark a change from normal seasonal patterns allowing researchers to analyze den-
gue incidence under differing climatic conditions within the same geographical
area. Prolonged dry conditions, altered rainfall patterns, and increases or decreases
in temperature have been linked to El Nifio and La Nifia years as have changes in
dengue incidence.

In many areas affected by the varying conditions of the ENSO cycle, dengue
epidemics have been consistently linked to either El Nifio or La Nifia conditions.
One of the most dramatic examples of ENSO-related epidemics occurred in
conjunction with the 1997-1998 El Nifo. This El Nifio event proved to be the most
severe in recorded history and was linked to catastrophic weather and profound
widespread health effects, including severe dengue epidemics. In Asia, many
countries and urban areas saw the highest rates of dengue-related morbidity and
mortality on record [60—63]. Retrospective analyses linked many of these epidemics
to the El Nifio conditions. In Indonesia, for example, a severe epidemic was pre-
ceded by a 2-month delay of the rainy season and was accompanied by elevated
temperatures. Analyses found that the high temperatures played a major role in
precipitating the explosive outbreaks [64, 65]. The link between ENSO-related
warmer temperatures and decreased precipitation with increased dengue rates in
Indonesia has been confirmed by decades of weather and dengue data [66].

In Northern South America, a significant relationship was also found between
ENSO and dengue epidemics with the increased temperatures and decreased rainfall
in El Nifio years being linked to epidemics in several countries [66, 67]. In these areas,
epidemics begun during drought conditions, highlighting the promoting effect of
drought conditions on vector breeding. Dengue and El Nifio have also been linked in
parts of the Caribbean where it is hypothesized that warmer temperatures allow dis-
ease transmission to continue into the next year resulting in earlier and larger epidem-
ics [68]. In the South Pacific Islands, a strong association was found between the
dengue epidemics and the Southern Oscillation Index (SOI) during La Nifa years
when both temperatures and rainfall levels are higher than normal [69, 70].

The strong associations observed with the ENSO clearly illustrate a causal
relationship between climate, particularly warmer temperatures, and dengue and
warn of the potential harmful effects of an altered and warming climate.

Populations at Risk

The future geographic spread and intensity of dengue risk have been estimated by
researchers using general circulation models (GCMs). These projections are derived
from the empirical observations of the distribution of dengue and on mathematical
equations that model vectoral capacity [71-73]. Vectoral capacity, the rate at which
subsequent inoculations arise from a currently infective case, is based on climate
(primarily temperature)-dependent vector and viral parameters. Such models proj-
ect a spread of risk to more temperate latitudes and higher altitudes. In regions that
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are already climatically at risk of dengue transmission increased epidemic potential
and longer transmission periods are generally projected. As can be expected, the
models indicate that the largest expected increases in potential transmission inten-
sity will occur in areas that already support vector mosquito populations, but where
insufficient temperatures slow viral replication.

In 1990, 1.5 billion people, almost 30 % of the world’s population, lived in at-risk
areas. Based on projected population growth alone, this is calculated to increase to
3-5 billion people by the year 2085. If both population growth and climate change are
factored in, an estimated 5—6 billion people, or 50—60 % of the projected global popu-
lation, will be living in at-risk areas (based on a 1 % increase in CO, per year) [71].

Whether on the global or local scale, most climate-based models do not incorpo-
rate the multiplicity of factors which moderate the actual risk of dengue despite
climatic suitability. Demographic, societal, and public health factors play a pivotal
role in contributing to dengue transmission in some areas and eliminating it in oth-
ers, even if a vector population is present. The availability of reliable piped water,
which eliminates the need for water storage, has been cited as one of the largest
protective factors. Factors which limit contact between vectors and hosts such as
well-sealed homes with air conditioning or screens, widespread automobile use, and
a population which spends most of its time indoors further prohibit transmission in
wealthier areas. The hallmarks of an area with high risk of dengue include lower
socioeconomic status, high population density, low-quality housing, lack of waste
removal services, lack of health services, and poor vector control. In endemic coun-
tries, transmission intensity is also largely influenced by the immunological state of
the population, a factor which will likely play an increasingly large role as dengue
rates continue to rise.

Trends in Non-climatic Risk Factors

Two factors which will greatly affect the distribution and magnitude of dengue inci-
dence across the globe are urbanization and population growth. The global urban
population is projected to double by 2050 with much of that growth attributed to
less developed nations which are already at high risk of dengue [74]. Dengue is
primarily an urban disease. The conditions in poorer urban areas often result in ideal
habitats for A. aegypti with the accompanying overcrowding and human density
providing the means for high transmission rates [75]. Rapid urbanization often
results in informal housing and slums, the conditions of which have been blamed for
the epidemic conditions in many countries [76]. Such communities often lack health
services, a reliable and accessible water supply, waste removal services, surface
water drainage systems, and a multitude of additional services which cause them to
become prime habitats for A. aegypti and ideal areas for dengue transmission [77].
Effective vector control programs have been deemed unattainable in such
communities.
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Other Indirect Effects of Climate Change on Dengue Risk

In addition to directly affecting vector populations and viral replication rates,
climate change also has a tremendous potential to increase the risk of dengue
indirectly. Dengue is strongly influenced by socioeconomic factors and major
economic sectors such as agriculture and fishing in many at-risk countries are highly
susceptible to variations in climate leaving their economies vulnerable. Shifts in
optimum growing conditions, drought or flood-related crop failure, and reduction in
water resources are projected to have large negative impacts on subsistence farmers
and rural communities. As a result, population displacement and even greater rural-
to-urban migrations will result. Thus, one result of climate change is that urban
communities will experience an even greater influx of people putting further strain
on public health, infrastructure systems, and water resources often already stressed
by current population growth and urbanization trends. Additionally, climate change
alterations in rainfall patterns, surface water availability, and sea level-related intru-
sion of saltwater into water tables can further exacerbate water shortages and stor-
age practices thus providing habits for vector populations.

Refugee conditions, which also have been linked to dengue outbreaks, may also
be climatically induced by increased ethnic conflict aggravated by climate-related
economic failures. Any climatic event that acts to destabilize communities, displace
populations, breakdown infrastructure, limit public health and services, or cause a
lapse in coordinated vector control efforts has the potential to increase the risk of
dengue.

Regional Implications
Asia

Dengue has a long history in the Asian region. Rapid urbanization following World
War II led to epidemic conditions in Southeast Asia and the first major epidemics of
DHE. Most dengue cases occur in the Southeast and South Central regions of Asia.
Together with western Pacific region, Southeast Asia currently bears nearly 75 % of
the current global dengue fever burden [78]. Travel between areas and the co-
circulation of multiple dengue virus serotypes have resulted in a state of hyperende-
micity. Thus, DHF incidence has since risen dramatically and has been a major
cause of hospitalizations and death in children since the mid-1970s [14].

Looking forward, Southeast and South Asian countries face multiple obstacles in
dealing with dengue. Most of the population currently lives in rural areas, but the
region is undergoing a massive shift towards urbanization. In Southeast Asia, urban-
ization is projected to increase from 39 to 73 % by 2050 [74]. Rural to urban migra-
tions paired with a likewise rapid growth in population size will greatly increase the
number of people who will be living in slum conditions where dengue thrives.
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Modeling of climatic suitability to dengue transmission confirms that many parts
of Southeast Asia are at extremely high levels of risk [71, 79]. GCM-based model-
ing predicts an increase of the epidemic potential within these areas and a spread of
high dengue-transmission risk to many parts of South Central Asia where warming
is predicted to be even greater than the global mean. While much of India is cur-
rently modeled to be at a lower transmission risk level, future predictions indicate it
as having the largest expansion of high transmission risk to new areas. Currently,
the highest number of dengue cases in the region is reported in Indonesia where
dengue is listed as the second worst health problem the country faces with an aver-
age of over 140,000 cases a year from 2006 to 2009 [78].

In comparison, India reports much smaller numbers, though weaknesses in sur-
veillance and reporting are cited. As it has with other countries in the region, dengue
and DHF rates have risen over the past decades. Currently, less than a third of India’s
population lives in urban areas. By 2050 this is projected to increase to over half,
which in conjunction with population growth, is projected to result in a 230 %
increase in the urban population [80]. The combination of urbanization, population
growth, and a changing climate is anticipated to lead to a large increase in the num-
ber of dengue cases in India.

Climate modeling predicts both an increase in intense precipitation events and
periods of precipitation shortfalls for South and Southeast Asia. Failure in agricul-
tural sectors is considered likely and will likely further contribute to urban poverty
by producing even larger rural-to-urban migrations [81]. Of all factors relating to
climate change, expansion of areas under severe water shortage is expected to
become one of the greatest environmental problems in South and Southeast Asia. A
growing population combined with climate change-related water shortages is
expected to result in a substantial increase in the number of people living under
severe water stress. The necessity for water storage under such conditions can be
expected to contribute to increased vector breeding.

Australia and New Zealand

In Australia, dengue is currently limited to the northern part of Queensland where
outbreaks occur when the dengue virus is imported by travelers. While dengue is not
endemic to Australia, such outbreaks have occurred with increasing frequency and
magnitude over the past few decades [82]. The geographic distribution of A. aegypti
is likewise currently limited to parts of Queensland, but in the past has extended far
south along the eastern regions. This change in distribution was due to a loss of
breeding sites and climate-based analyses confirm that much of the populous south-
east region of Australia is still currently suitable for A. aegypti [83]. However,
changing climate conditions have already been observed and drying conditions and
water shortages in Southeast Australia have resulted in the installation of many gov-
ernment-subsidized and ad hoc water storage tanks in many cities and towns which
are anticipated to be ideal breeding grounds for A. aegypti. The number of such
containers is predicted to grow as the drying trend is projected to continue [84].
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In addition to reestablishing their former range, A. aegypti are projected to spread
to many new areas as temperatures warm. In conjunction with the expansion of
domestic water tanks, climate change could lead to A. aegypti coexisting with over
95 % of Australia’s population.

Models also predict an extended range of climatic suitability to viral transmis-
sion with the size of vulnerable populations doubling to tripling as soon as 2020 [72,
85]. It is theorized that the risk of dengue could extend from its northern distribution
south along the coast into Brisbane and possibly as far as Sydney by the year 2100
[86]. However, actual risk of dengue transmission will continue to be moderated by
housing, cultural, socioeconomic, and other factors.

In New Zealand there are currently no established populations of dengue vector
mosquitoes. However, many nearby islands in the Asia-Pacific area are home to
populations of A. aegypti and A. aegypti have been intercepted in New Zealand.
Multilayer computer modeling suggests that under warming scenarios, the northern
area of the North Island may become inhabitable by A. aegypti by 2050 with an even
greater area (including Auckland City, New Zealand’s largest city) inhabitable by
2100 [87]. Further modeling of projected epidemic potential has found that a cli-
mate change scenario could result in potential dengue fever transmission in New
Zealand, though this hasn’t been confirmed in all models [85].

Small Island Nations

Small islands account for a significant number of the total number of global dengue
cases each year. Since 1970, pan-Pacific epidemics have occurred with many islands
reporting very high incidence as well as the presence of DHF cases [69, 88]. Dengue
epidemics also occur in the islands of the Indian Ocean. One such epidemic in
Seychelles involved approximately 80 % of the population [89].

Much of the increase in dengue incidence in islands in recent years can be attrib-
uted to increasing international travel with concurrent epidemics often occurring in
islands separated by great distances [90]. Rapid urbanization, poor public health
practices, inadequate infrastructure, poor waste management practices, and water
storage practices also account for the increase of dengue and other diseases in small
island states [91].

Dengue epidemics have been strongly linked with ENSO events in the Pacific
and Caribbean [68, 69]. As ENSO events have increased in recent history, corre-
sponding peaks in dengue incidence have been observed as well.

Empirical modeling confirms that all Pacific island states are at currently suit-
able for dengue transmission. Future projections indicate the greatest increase in
transmission risk will likely occur in Hawaii, New Caledonia, Fiji, and Vanuatu
which currently have the least suitable climates in the Pacific for dengue transmis-
sion [85].

Temperature increases for small islands are projected to be generally less than
the global mean increase due to the fact that the greatest warming is projected to be
over large land masses [84]. As a result, the greatest climate change-associated
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increase in dengue risk for islands will be from factors such as sea level changes,
extreme weather events, and the indirect effects of climate change.

Islands have an intrinsically heightened vulnerability to climate and weather
[91]. In most cases, they have low adaptive capacity and adaptation requires large
economic resources. Islands also generally have small economies which are very
sensitive to external shocks. Climate change is projected to have large impacts on
main economic sectors such as agriculture and fishing. Tourism, which makes up a
large portion of many island economies, is likely to be impacted as well due to fac-
tors such as beach erosion, terrestrial environmental degradation, and degradation
of coral reefs.

Sea levels have already risen and are projected to raise an additional 0.35 m rise
by the end of the century [92]. A rise in sea level could be catastrophic for small
islands in several ways. Much of island states’ industry, infrastructure, and housing
are all vulnerable to rises in sea level. In addition, intrusion of salt water into the
water table is expected as sea levels rise. Small islands have very limited freshwater
sources and there is strong evidence that water resources will become seriously
compromised due to climate change in small islands.

Small islands are also prone to natural disasters. Typhoons are expected to
increase in intensity as a result of climate change. Floods and droughts may likewise
become more intense. Effects from such natural disasters which are expected to
increase as a result of climate change include impacts on economic sectors, dam-
aged infrastructure, displaced populations, and exacerbated water stress. These
environmental stressors on small islands will greatly contribute to the future risk of
dengue associated with climate change.

The Middle East

Dengue has recently reemerged in the Middle East causing sporadic yet increas-
ingly common outbreaks after half a century of its absence. Among the factors
believed to be responsible for the recent reemergence of dengue are decreased use
of DDT, rapid urbanization and the development of slums and shanty towns, long-
lasting conflicts, deteriorating public health services, large numbers of displaced
populations resulting in numerous refugee camps, and increasing viral introduction
through migrations and travel [93]. Positive trends for many of these factors are
expected to continue into the near future.

The scarcity of rainfall in this region results in climatic conditions that are not
ideal for the dengue vectors, although disease vectors are still found in many coun-
tries in the region [94]. GCM-based modeling predicts future climatic conditions
favoring large increases in the probability of dengue transmission in the southern
Middle East region. This will be primarily due to anticipated severe water stress in
the Middle East as a result of climate change. Besides aggravating economic and
social disruptions which promote disease-favoring conditions, water stress may fur-
ther fuel the increase in dengue incidence by causing a proliferation of water storage
containers which are ideal for vector breeding.
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Africa

The current burden of dengue in Africa is poorly understood [95]. The number of
recorded cases has increased considerably since 1980 with most cases occurring in
East Africa [96]. However, many fewer cases of dengue have been reported in
Africa than in other areas along similar latitudes. There are several possible expla-
nations for this. In Africa, most febrile illnesses are often assumed to be malaria and
are treated as such without proper medical examination or laboratory diagnosis.
This problem is exacerbated by a lack of funding for surveillance and research
which is generally not available for study of dengue. However, in addition to low
awareness of dengue fever among health workers, there is also laboratory evidence
that African Aedes mosquito species may have lower susceptibility to dengue virus
infection that may cause lower disease rates.

Despite the low reported numbers, it is very likely that the actual number of
infections is much higher. Limited serologic surveys, existing outbreak reports, and
the confirmed dengue cases of travelers returning from African nations suggest
endemic dengue in all or many parts of Africa [97].

High levels of warming, exceeding the global mean, are projected in the coming
decades for the African continent. Current climatic suitability for dengue transmis-
sion maps large portions of Middle and East Africa and areas along the western
coast as being at high risk. Under a climate change scenario, projected increases in
transmission risk predict an enhancement of risk within these areas and an expan-
sion of risk into greater portions of East, Middle, and West Africa [71].

GCM-based modeling predicts a several month extension of the dengue trans-
mission period for many urban areas throughout Africa [72]. In Kenya, where cur-
rently no period of transmission is modeled, a 7-week transmission period is
projected under a 2 °C warming scenario. Under as 4 °C warming scenario, the
transmission period is projected to increase to 9 months.

In addition to the other factors which may account for the lower reported num-
bers of dengue cases, the degree of urbanization and population density have likely
been protective in inhibiting epidemics. The population in Africa is growing rap-
idly, however, and is expected to double by the year 2050 [98]. Moreover, whereas
most of Africans currently live in rural areas, Africa is urbanizing quickly and the
urban population in Sub-Saharan Africa is projected to grow by almost 400 % by
2050 [74]. As population density climbs in areas already modeled to be climatically
at high risk of dengue, an increase in dengue-related morbidity and mortality rates
in these areas is highly likely. Additionally, the areas which are projected to experi-
ence the greatest increases of population growth and urbanization in the coming
decades are the same areas which are projected to become climatically at high risk
for dengue transmission.

Current and projected socioeconomic and demographic factors make Africa par-
ticularly vulnerable to the effects of climate change and the risk of dengue. Africa
has an extremely high poverty index with 50.8 % of the population living on less
than a dollar a day [99]. Only 58 % of the Sub-Saharan population has access to
improved water sources and in urban areas, only 42 % living in urban areas had
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access to improved sanitation facilities [100]. The future outlook is not encourag-
ing. Certain countries in sub-Saharan Africa are declining in overall wealth with the
average person becoming poorer by a factor of 2 every 25 years. Climate change is
likely to exacerbate nearly every stressor which currently plagues African nations
[101]. Mass relocations and urban migration are likely to place new demands on
already insufficient infrastructures. The combination of poverty, population density,
and insufficient infrastructure and public services will likely create the crowded and
unsanitary conditions ideal for dengue transmission.

The IPCC has identified Africa as “one of the most vulnerable continents to cli-
mate change and climate variability” [101]. While warming is expected to be con-
siderable, it is the continent’s low adaptive capacity compounded by multiple
stressors that make it especially at risk to the changing climate. Multiple, major
economic sectors in Africa are vulnerable to climate change. In addition, endemic
poverty, developmental challenges, and degradation of natural resources, among
other factors, will significantly weaken its adaptive capacity.

Europe

Until very recently, natural transmission of dengue was not found to occur in
European countries, although both A. aegypti and dengue had been found in Europe
historically. Past dengue epidemics have occurred in Spain, the Canary Islands, and
in many Mediterranean nations [102]. One of the worst epidemics on record
occurred in refugee camps in Greece in 1927-1928 when an estimated 650,000
infections and 1,000 deaths occurred. Since the mid-twentieth century, A. aegypti
largely disappeared from Europe due to increased hygiene, reliable and piped water
supplies, and the use of insecticide [103].

While A. aegypti may play a role in future dengue risk in Europe, A. albopictus,
is the vector of greatest concern for current and projected risk in the European area.
Recently, A. albopictus was introduction into Italy where it has spread to most of the
country within a relatively short time period. Since its introduction, the species has
been identified in many European countries, but firmly established populations are
found mainly around the coasts of the Mediterranean and Adriatic. Modeling past
and current climatic suitability asserts that the trend of milder winters has resulted
in an expansion of suitable range and that larger portions of Europe are already suit-
able. GCM-based modeling projects a northward shift in A. albopictus populations
with climatic hotspots in Portugal, the Southern UK, western Germany, the Benelux,
Slovakia, Cyprus, Bulgaria, Macedonia, Hungary, and Turkey [104]. A. aegypti’s
has also recently become established in Italy and there is growing concern over its
potential spread to additional parts of Europe [102, 105].

In a recent risk assessment of vector-borne diseases in Europe, the European
Centre for Disease Prevention and Control lists dengue among the top ten vector-
borne diseases with the greatest potential to affect European citizens [105]. The
dengue virus is routinely introduced through infected travelers. Since 1999, 1,117
cases of dengue were reported in European travelers, though the actual number is
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assumed to be much higher [106]. As dengue rates continue to rise around the globe,
so too will introductions into non-endemic areas.

In August 2010, the first autochthonous transmission of dengue in continental
Europe since 1928 occurred in France. That same year a dengue outbreak was discov-
ered in Croatia. A. albopictus was deemed the vector responsible for both outbreaks.

Concern over possible future dengue transmission in the Mediterranean region is
warranted as several characteristics of the region add to the danger of transmission.
Cities are generally densely populated. Windows are generally left open during the
summer months as air conditioners are rarely used. In addition, ideal contact with
the vector can occur during activities and social gatherings which typically are held
outdoors [104].

Mediterranean summers are projected to experience the greatest seasonal warm-
ing in Europe. It is anticipated that warmer temperatures will result in a higher
transmission risk in the European region in addition to expected lengthening of
transmission periods for more temperate areas [72]. Modeling based on viral factors
predicts a geographic extension of the at-risk areas around the Mediterranean and
into central Europe by the end of the century with the Southwest Iberian Peninsula
being especially at risk [107]. The summer months of Athens are projected to see
significant increases in the epidemic potential although other modeling suggests
that the Mediterranean regions may also become less habitable to A. albopictus due
to increased drying [73, 103].

Projected risks based on viral- and vector-based factors alone do not take into
account other regulating factors such as socioeconomic status. The same factors
which have inhibited outbreaks in the past decades can be expected to dampen the
effects of a more transmission-prone climate in areas that provide an insufficient
vector habitat and limit contact between the vectors and the human population.
Additionally, the subprime status of A. albopictus, compared to A. aegypti, as a vec-
tor will result in less explosive outbreaks than have been seen in other parts of the
world. It has been noted that nearly all the outbreaks in which A. albopictus has
been implicated have been infrequent, mild, and limited despite very low herd
immunity and numerous imported cases [108].

Latin America

Of all the regions in the world, the emergence of dengue and DHF in recent decades
has been the most dramatic in the Americas. Historically, outbreaks of dengue
occurred sporadically in the Americas for hundreds of years. In 1947, a coordinated
hemisphere-wide effort by the Pan American Health Organization to eradicate A.
aegypti proved hugely successful. By the early 1960s A. aegypti was eradicated
from most of its previous territory with dengue infections largely disappearing as
well. Unfortunately, control efforts soon lapsed and A. aegypti quickly disseminated
to nearly every country in the Western Hemisphere. The increase in international
travel and commerce spread both vector and virus which flourished in the condi-
tions of rapidly urbanizing nations. By the 1980s major epidemics began again.
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Over the last 3 decades, a 6.5-fold increase in reported dengue fever cases was
observed in the Americas (roughly one million cases during the 1980s to 6.7 million
during 2000-2009). During that time, DHF cases increased 12.4-fold (~13,400 in
the 1980s to 172,000 DHF from 2000 to 2009). In 2010 alone, over 1.6 million
cases of dengue were reported in the Americas, of which 49,000 cases were severe
dengue [109, 110]. Increased international travel has increased viral introduction
and outbreaks in the Americas have now been caused by all four serotypes. As co-
circulation of multiple serotypes continues to become more widespread, the inci-
dence of DHF will continue to rise.

The IPCC has classified dengue as being one of the main human-health climate
change-related concerns in Latin America [111]. Warming trends are predicted to
continue with larger than global mean increases of warming in most of Central and
South America. Precipitation is likely to decrease in Central America with drier
than usual springs and a high probability of droughts [84]. GCM-based modeling
confirms that most of Latin America’s climate currently yields very high risk of
dengue transmission. An extension of at-risk areas is projected to extend into larger
regions of Mexico, Brazil, Peru, and Ecuador [71]. Under a 2 °C warming scenario,
projected increases in transmission periods are predicted for large urban areas such
as Lima and Buenos Aires. In Caracas, Venezuela the current transmission period of
about 7 months is modeled to become year-round. However, the high altitude cities
such as Quito, Ecuador and Bogota, Colombia are not expected to develop suitable
transmission periods even under a 4 °C warming scenario. Mexico City, which is
also at a higher altitude, is not expected to develop a transmission period until a 4 °C
increase [72].

An increase in temperature (about 1 °C in Mesoamerica and 0.5 °C in South
America) and changes in rainfall patterns have already been recorded in Latin
America [111]. Whether a changing climate is to blame for the increase of dengue
in the region has been heavily debated topic. While climate is undeniably linked to
dengue, it is not sufficient to explain the explosive rise in dengue rates. The A.
aegypti eradication campaign coincided with a remarkable period of urbanization in
Latin America in which it became the most urbanized region of the developing
world. The 1980s, however, brought a serious debt crisis to the region resulting in a
deterioration of economic and social conditions, large inequalities, unemployment,
poverty, and failures in health systems. These conditions, paired with the reestab-
lishment of the vector and increased mobility of people and virus within and
between countries, have resulted in state prime for dengue transmission.

The inequality in Latin America’s population in regard to income and opportuni-
ties is among the highest in the world [112]. Substantial disparities in access to
water and health services also exist. Future projections indicate that accelerated
urban growth under conditions of increasing poverty combined with low investment
in water supplies will result in a high proportion of the urban population without
access to sanitation services and a reliable water supply [111]. Such factors perpetu-
ate high dengue transmission risk for large portions of the population despite any
national economic gains and leave them highly vulnerable to the present and future
conditions of climate change.
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The United States

Dengue is largely absent in the continental United States, but it has not always been so.
Pandemics that stretched through the Caribbean and Gulf region also struck the south-
ern states up through the first half of the twentieth century with an epidemic occurring
as far north as Philadelphia during an unusually hot summer in 1780 [34, 113].

A. aegypti have formerly ranged as far north as Boston in the east and Southern
California in the west, but their current range is much more limited. The United
States was one of the few places that failed to completely eradicate A. aegypti dur-
ing the pan-American eradication campaign during the mid-twentieth century and
served as a source for its reintroduction throughout the hemisphere. Over the last
several decades, A. albopictus has become established in many southern and eastern
states, replacing A. aegypti in many areas. However, A. aegypti is still common in
urban settings in Southern Florida and in cities along the Gulf Coast of Texas and
Louisiana and can still be found in several other states.

Mexican states bordering the United States have had repeated large epidemics of
dengue. Beginning in 1980, after a long absence, small dengue outbreaks began to
occur sporadically along the Texas—Mexico border. While these outbreaks highlight
the potential for dengue transmission within the United States, they also underscore
the conditions inherent to American society which are prohibitive to dengue. In a
2005 outbreak, a handful of people in Brownsville Texas were diagnosed with den-
gue fever, but over the border in Tamaulipas, Mexico, over 7,000 cases were reported
[114]. Abundant A. aegypti mosquitoes were found breeding in both cities. The use
of air conditioning, which limits vector-human contact, and larger lot sizes, which
result in less dense urban environments, were found to be protective. These factors
are among the many socioeconomic and societal factors that highly limit dengue
transmission in the United States.

While it is known that climatic conditions in some parts of the United States
already support dengue transmission, modeling of current climatic suitability sug-
gests that risk level is relatively low. Both mechanistic and empirical modeling gen-
erally show low suitability outside of areas such as Southern Florida and the
southernmost part of Texas, though mechanistic-based modeling predicts periods of
potential transmission during the year in southern and eastern cities.

However, GCM-based modeling projects that a changing climate may signifi-
cantly increase the risk of dengue transmission. An increase of risk is predicted
along the southern states bordering the Gulf of Mexico accompanied by the opening
up of new transmission areas. In Miami, the potential transmission period is pro-
jected to become year-round. Speaking of the country in general, a 2 °C increase in
temperature is expected to raise the potential transmission intensity 2-3 times its
current level [71-73, 79].

In 2009 and 2010, dengue fever gained attention in the United States when doz-
ens of cases resulting from local transmission occurred in Key West, Florida and
surrounding areas. A random serosurvey found that over 5 % of the population was
likely infected [115]. Outside of the cases along the Texas border, this marked the
first outbreak within the continental United States since 1946. Dengue has also
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recently reemerged in Hawaii. In 2001, 122 cases of dengue were confirmed on
three of the six islands after over half a century of its absence. Unlike in Florida,
where A. aegypti served as vector for the outbreak, A. albopictus was responsible for
the outbreak in Hawaii.

Whether the recent outbreaks of dengue in the United States mark the beginning
of a larger scale reemergence has been a topic of debate. Dengue is now the leading
cause of acute febrile illness in travelers returning from the Caribbean, South
America, and Asia. As both dengue incidence and international travel rise across the
globe, so too will the number of viral introductions to the United States. Modeling
of viral introductions attributed to travel suggests that Florida and Texas are espe-
cially at risk [106]. Conversely, the trend of continued geographic expansion of A.
albopictus and its replacement of A. aegypti might reduce the risk of epidemic den-
gue activity [108]. The fact that dengue has been largely absent in the United States
paired with the substantial disparity of rates across the border is the most convinc-
ing argument that dengue outbreaks will remain a rarity. The societal factors which
have proved so effective against transmission are unlikely to change.

It remains to be seen whether increased risk due to an altered climate will result
in more frequent outbreaks of dengue in the United States. What is not in doubt is
the need for greater awareness of dengue in the health sector. While the growing
number of cases in returning travelers is tracked, it is considered far below the
actual number as most cases likely go undiagnosed. Retrospective serological sur-
veys in the local outbreaks in Florida and Texas found that most cases were misdi-
agnosed [116]. Better public health knowledge, along with intensified surveillance
and enhanced vector control efforts will be needed to guard against the growing
threat of dengue in the United States.
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Chapter 11
Impact of Climate Change on Vector-Borne
Disease in the Amazon

William Pan, OralL.ee Branch, and Benjamin Zaitchik

Abstract Impending changes in climate regimes coupled with anthropogenic
changes in land use and land cover change pose the most pressing challenges to
human societies and natural ecosystems. Global climate change is predicted to
disrupt seasonal periodicities and long-term trends in rainfall and temperature,
altering natural climate cycles and variation. The impact of environmental change
on disease transmission will determine who, when, and where human livelihoods
flourish and fail. Vulnerable populations will be particularly affected—i.e., chroni-
cally disadvantaged populations who are typically poor, have limited economic
opportunities and access to services, and few (if any) options to improve their qual-
ity of life. Immediate action is needed to better understand, adapt, and respond to
disease burdens that will be affected by changing climate.

Keywords Climate change * Vector-borne disease in the Amazon and climate
change ¢ Climate change in the Amazon ® Amazon climate change and vector-borne
disease ® Disease burden and climate change

Impending changes in climate regimes coupled with anthropogenic changes in land
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seasonal periodicities and long-term trends in rainfall and temperature, altering
natural climate cycles and variation [1]. The impact of environmental change on
disease transmission will determine who, when, and where human livelihoods flour-
ish and fail. Vulnerable populations will be particularly affected—i.e., chronically
disadvantaged populations who are typically poor, have limited economic opportu-
nities and access to services, and few (if any) options to improve their quality of life.
Immediate action is needed to better understand, adapt, and respond to disease bur-
dens that will be affected by changing climate.

This chapter will discuss the impact of coupled climate—environment changes on
disease transmission in the Amazon. The Amazon is the most bio-diverse region on
the planet with over 50,000 plant, animal, fish, and reptile species and over one mil-
lion insect species. It produces 20 % of the world’s freshwater discharge, and con-
tains over 100 billion tons of carbon [2, 3]. Maintaining the integrity of this
ecosystem has local, regional, and global implications. Given the multi-scale
impacts of the environment and the rapid demographic and economic changes
occurring in the Amazon, we focus on vector-borne and zoonotic diseases (VBZD).
The goals of this chapter are to (1) describe the unique nature of climate change in
the Amazonia context; (2) discuss climate and environment factors that influence
the VBZD—climate relationship; (3) provide malaria in the Peruvian Amazon as a
specific example of a climate-sensitive VBZD; and (4) provide recommendations
for research and action to address complexities of climate impacts on VBZD.

Climate Change in the Amazon

The Amazon basin is characterized by a pronounced east to west humidity gradient,
with relatively dry conditions, seasonal precipitation, and occasional water stress in
the eastern portions of the basin and more consistent, frequently flooded conditions
to the west [2, 4]. The basin also experiences significant climate variability at inter-
annual and inter-decadal time scales. The El Nino Southern Oscillation (ENSO) has
a profound impact on precipitation, particularly in the eastern and northern Amazon,
with warm phase ENSO (EI Nino) associated with hot temperatures, suppressed wet
season precipitation, and reduced stream flow [5, 6]. ENSO cycles have been shown
to explain seasonal malaria in several areas of the Amazon, but with variable predic-
tive accuracy [7-11]. Climate teleconnections associated with Atlantic Ocean sea
surface temperatures (SST) also have a significant influence on precipitation.
Oscillations in the tropical Atlantic SST gradient influence dry season precipitation
in the eastern and southern portions of the basin [12], while the North Atlantic
Oscillation (NAO) has been implicated in recent drought events [13]. These remote
drivers of variability are overlain by a 28-year precipitation cycle that is character-
istic to the Amazon but has not been fully explained, and some of the largest flood-
ing events have resulted from coincident timing of La Nina with the wet phase of the
28-year cycle [5, 6]. Against this background, anthropogenic climate change already
appears to be affecting the Amazon. Temperatures rose at a rate of 0.25° per decade
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between 1960 and 1998 [14], and projections from global climate models (GCMs)
suggest that additional warming on the order of 2—5 °C is likely over the twenty-first
century [1]. This already wide range is a basin average that includes a projection for
greater warming in the Amazon interior during the dry season, and that could be
amplified to a warming of up to 8 °C if significant biophysical feedbacks associated
with forest dieback become active [15]. Projections for precipitation are even less
certain. Observed precipitation trends in recent decades have been mixed, with
evidence of a significant drying trend in the northern Amazon and a slight wetting
trend in the southern Amazon [6], and with no evidence of a statistically significant
trend in the eastern Amazon on the whole [14]. Nevertheless, there is reason to
expect that a warming global climate, likely accompanied by continued deforesta-
tion within the basin, will alter precipitation patterns in coming decades. A number
of GCMs, for example, suggest that El Nino events will become stronger and more
frequent over the twenty-first century, which would be expected to effect a drying of
the northern and eastern Amazon. In the less humid eastern portion of the basin such
a reduction in precipitation could promote ecological change from forest to
savannah-like conditions, which would reduce transpiration and enhance the drying
trend [15, 16]. Deforestation could exacerbate these trends, as large scale removal
of forest trees through burning and timber harvests reduces transpiration and can
have a negative feedback on precipitation [17]. Somewhat paradoxically, while
large scale deforestation is expected to lead to reduced precipitation and more
frequent drought, the local effects of deforestation on the water cycle can lead to
increases in flood intensity, as a reduction in transpiration leads to an increase in
runoff [4]. The combined effects of climate change and deforestation, then, could
well lead to long-term drying over the entire eastern Amazon but to more severe
floods during high flow events.

On the ensemble average, the GCM simulations included in the fourth assess-
ment of the Intergovernmental Panel on Climate Change (IPCC) project that dry
seasons are likely to intensify across much of the basin and that water stress will, on
average, increase in the eastern Amazon over the twenty-first century. This ensem-
ble average must be interpreted with extreme caution, however, as individual
ensemble members differ widely in the spatial and temporal character of projected
precipitation change, and as all GCM simulations included in the ensemble are
implemented at coarse spatial scale (typically at 1-5° resolution, or ~110-550 km)
and with physics parameterizations that often neglect important biogeochemical
feedbacks known to be important in the Amazon. As such the range of GCM projec-
tions for precipitation is best understood as an indicator of the potential sensitivity
of Amazon precipitation to twenty-first century climate change.

Given these limitations, application of GCMs to predict specific impacts of
climate on vector or animal seasonal and spatial distribution becomes problematic
as the characteristics that define breeding, feeding, and living space are defined at
smaller scales and with sensitivities that are often within the range of GCM uncer-
tainty. For example, Ruiz et al. developed a system of coupled mathematical nonlin-
ear models to help explain complexities between climate parameters and malaria
transmission risk [10]. Their approach integrates human population with pre-imago
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(larva/pupa) and imago (adult) stages of Anopheles that respond to temperature,
water availability, relative humidity (RH), and climate anomalies (e.g., El Niiio
events). While informative, the model parameterizes climate over an area larger
than 20,000 km?, which seriously limits the inference one can make about how
climate is impacting the distribution of vectors.

Coupled Environment-Climate Impacts on VBZD

Given the biodiversity of the Amazon, it is not surprising that a number of VBZD
circulate in the region. While climate change will surely affect the incidence of
several pathogens, there exist several enabling factors that couple with climate
parameters to exacerbate the effects of climate on human disease [4, 18-20]. Among
these, LUCC and flooding are among the most important. LUCC, particularly defor-
estation, is a widely studied topic that remains void of a synthesized theoretical
framework due to the vast differences in causes that can occur across temporal and
spatial scales. For example, Walsh et al. [21] demonstrated variations in the rela-
tionship between geophysical and socio-demographic characteristics with culti-
vated land in Thailand when predicted land cover varied from 30 to 1,050 m pixels
in size [21]. Similarly, Verberg and Veldkamp demonstrated that low-resolution
approaches (i.e., large geographic areas) are ideal for identifying “hot zones” of
land cover change, but high-resolution approaches (small geographic areas) provide
insight into evolving land patterns and ecological consequences [22]. This is par-
ticularly relevant for VBZD—not only do researchers have difficulty applying
GCM parameters to vector-borne disease predictions, but many studies have used
coarse land cover grids to characterize vector habitats and disease risk, such as the
0.5° latitude—longitude grid in [23]. As described by Messina and Pan [20], this is
an important ontological difference that exists between epidemiology and land
change science that impedes understanding of proximate drivers of disease risk.
That is, epidemiology often posits hypotheses anchored in traditional health and
place organizational strategies, which incorporate land—climate data as discrete
realizations of a continuous surface product. In contrast, land science operates using
a geography, space, and time paradigm that do not provide appropriate individual-
level variables necessary for inputs to epidemiology models. This confusion leads
to issues of ecological fallacy as environmental variables are modeled at the indi-
vidual level.

Another challenge posed by land—climate coupling is the intimate relationship
between LUCC and human population dynamics. Studies of LUCC highlight impor-
tant economic, social, cultural, political, and demographic factors influencing land
change processes [24—28]. With continued high fertility rates and in-migration, popu-
lation growth throughout the Amazon will continue, ensuring that LUCC will occur
as people look to improve their livelihoods [29-32]. Livelihood choices are particu-
larly overlooked as a root cause for VBZD risk—malaria is a prime example: studies
that have shown a clear relationship between deforestation, vector density, and
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Fig. 11.1 Cases of malaria, dengue, and leishmaniasis in the region of Madre de Dios, Peru,
between 2000 and 2012. Reported malaria cases are shown by the red line, dengue by blue line,
and leishmaniasis by the dotted black line

malaria [33-35] are largely founded on the premise that ecological services are
intimately tied to human dimensions of land cover change, as has been described by
the Frontier Malaria Hypothesis [36, 37]. Castro et al. [37] clearly demonstrate the
importance of Frontier Malaria as they related early features of colonization in Brazil
with elevated malaria risk due to the establishment of new breeding sites for Anopheles
darlingi and the introduction of a naive human host. This is contrasted with recent
research by Kosek and colleagues which demonstrated that epidemic malaria rates in
northern Peru are associated with migration behaviors of families involved in occu-
pational labor, primarily logging [38]. This human component of the land—climate
relationship adds a layer of complexity that requires a comprehensive understanding
of human livelihoods and vulnerability. Household livelihoods are tied to a number of
factors that mediate household choices and, ultimately, drive malaria risk.

Perhaps the strongest mediating factor of VBZD in the Amazon is road construc-
tion and access. Roads alter the interface between humans and the environment by
penetrating the forest like veins, pumping in migrants, occupational laborers, colo-
nists, and altering species ecology and habitat. The multidimensional impact of roads
is exemplified by the 2004 agreement between Brazil and Peru to construct the
Interoceanic Highway connecting rural Amazonia farms in the western basin to
Pacific and Atlantic Ocean ports. Construction began immediately with concession
blocks awarded in 2005 and 2007. Figure 11.1 compares the timing of these large
scale activities with malaria, dengue, and leishmaniasis disease rates reported by the
Regional Ministry of Health of Madre de Dios (DIRESA-MDD) from 2000 to 2012.
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reported from the Inapari weather station, which is approximately 180 km north

During construction, elevated rates of both malaria and leishmaniasis were experi-
enced; in fact, between 2005 and 2008, reported cases were 470 % higher for malaria
and 45 % higher for leishmaniasis compared to reported cases between 2000 and
2004. As road construction neared completion, reported cases of dengue skyrock-
eted, with cases primarily occurring in the city of Puerto Maldonado.

An important question is whether climate variability was related to these tempo-
ral patterns. Figure 11.2 compares the weekly surveillance reports for malaria and
dengue from the DIRESA-MDD to daily minimum and maximum temperatures
between 2007 and 2012. Dengue cases peaked in late 2009, 2010, and 2012, with a
slight increase in late 2011 as well (i.e., November and December). Cases also
appear to peak in early each year, roughly mid-January to March. This was true each
year except 2012 when the peak appears to be shifted to April and May. Malaria
trends are much more difficult to describe as they appear to have two distinct peaks
in 2007 and 2008, but following widespread efforts to control malaria, the pattern
begins to lack seasonality. Meteorological conditions appeared relatively stable
between 2007 and mid-2009, but became much more erratic between 2010 and
2012 with less variance between minimum and maximum temperatures. The higher
minimum temperature after 2010 may have contributed to the rise in dengue cases
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seen regionally. There does not seem to be a strong signal between malaria and
temperature during the high risk periods. However, finding an increase in malaria
with overall VBZD is not expected at this gross-scale of analysis. Malaria infections
in the Amazon are more long-lived in the human host than dengue (i.e., due to the
nature of Plasmodium vivax), making it difficult to detect a strong signal between
malaria and temperature at any given point in time. Also, this type of analysis lacks
fine-scale resolution data on human mobility, urbanization, and land cover to fully
evaluate the relationship. A specific demonstration of malaria associated with cli-
mate change will be discussed in the following section.

Epidemiology of Climate-Associated Vector-Borne Disease

Malaria is a prime example of a climate-sensitive VBZD disease. Malaria is endemic
in over 100 countries with over 3.3 billion people at risk and, in 2010, caused an
estimated 216 million episodes and 655,000 deaths [39]. It is transmitted by the
female Anopheles mosquito and is the result of infection due to the presence of
Plasmodium parasites (primarily, P. vivax, P. falciparum, P. malariae, and P. ovale)
that cause fever, chills, fatigue, and headache, among other symptoms. In the
Amazon, approximately 75 % of malaria is caused by P. vivax. Although less lethal
when considering the acute infection, symptoms can be severe. There can be long-
term pathology and P. vivax inflicts major impacts on human development ranging
from impaired child growth and cognitive development, malnutrition, lower produc-
tivity in people of all ages, and disincentives for investment by industry and govern-
ment [40—-46]. As mentioned previously, malaria epidemiology in the Amazon can
broadly be classified as either Frontier Malaria or occupational and migratory
malaria. Frontier Malaria involves three stages of malaria risk in forest environ-
ments that follow stages of the frontier settlement process: [1] Epidemic, early years
of agricultural colonization with high vector density, exposure, human population
mobility, and weak institutional presence; [2] Transition, 3—10 years after settle-
ment whereby land practices exhibit lower deforestation rates, population mobility
slows, and residents begin to understand exposure risks; and [3] Endemicity, charac-
terized by the integration of health services and infrastructure leading to improved
socioeconomic status, such as urbanization, economic investments, and improve-
ments in housing and income levels that result in less population mobility and envi-
ronmental change [47, 48]. Occupational malaria refers to the idea that livelihood
choices that involve human mobility for resource extraction, agriculture, or other
activities far from one’s home places that individual at greater risk for infection than
if the individual stayed at home. Note that neither of these approaches directly inte-
grate climate as a proximate determinant of infection.

Anopheles mosquitos are the vector capable of transmitting malaria. Only about
40 Anopheles species (of over 450) can transmit malaria to humans and only
approximately 27 are effective transmitters [49, 50]. In the Amazon, the primary
malaria vector is A. darlingi Root, 1926 [51-55]. A. darlingi is highly dependent on



200 W. Pan et al.

water for its survival and breeding, is a typical riverine species that inhabits jungle
and forest environments, and is mostly distributed in low altitude regions (<500 m
above sea level) with high relative humidity [56, 57]. Vector competence is highly
dependent on temperature and humidity, as P. falciparum and P. vivax are unable to
develop at temperatures below 16 °C and 14.5 °C, respectively, but accelerate devel-
opment when temperatures exceed 35 °C [50, 58—61]. High relative humidity (above
75 %) prolongs vector life and extends transmission (once infected), but below
35 % RH shortens their life span and prevents Plasmodium development. Vector
density is directly proportional to the rate of malaria transmission, both from mos-
quitoes to humans and vice-versa [59]. Breeding site characteristics for Anopheles
vary by species, but all depend on the presence of water for an average of 12-14
days to allow time to growth from egg to adult emergence.

Environmental determinants of larval and adult Anopheles habitat also vary by
country [61]. For example, A. darlingi density has been reported to peak following
maximum precipitation [62], the dry season [63], and wet—dry transition periods
[34, 64]. Recently Barros et al. identified “microdams” (small obstructions to river
flow such as tree trunks, branches, etc., that cause water to pool) to explain elevated
adult and larval A. darlingi density during the dry season [65]. Ecologically altered
landscapes (deforested, secondary forest, grass/cropland) [34, 53], forest fringes
[66, 67], microclimate variation [62], as well as natural and artificial bodies of water
(fish farms, rice fields, irrigation canals, etc.) [34] have all been identified as impor-
tant breeding sites for anophelines, particularly A. darlingi.

Although climate change is not directly integrated into the human components of
transmission, climate, coupled with land and flooding, is directly correlated with
Anopheles species composition and abundance. Floods can significantly alter the
epidemiology of disease transmission. Flood areas are predictable topographical
features of the landscape where usual seasonal fluctuations are related to the usual
patterns of infection. However, large floods, such as those that occurred throughout
a large part of the western Amazon in 2012, dramatically increased the number of
reported cases following several years of progress in reducing malaria burden.
Between 2000 and 2006, reported cases of malaria in the region of Loreto averaged
around 44,000 cases annually. During the ensuing years, reported cases dropped by
about 10,000 each year and remained at 10,000—11,000 cases in 2010 and 2011.
February and March of 2012 were among the wettest months in the Peruvian
Amazon, resulting in one of the largest historical floods in Loreto. By the end of
2012, the number of reported cases of malaria had reached 25,000. Cases peaked
between April and August, with an abnormally high second peak between October
and November.

Climate and environment changes were associated with increases in malaria
cases in the Peruvian Amazon region in three ways. First, elevated rainfall and high
temperatures likely contributed to an expanded transmission season. With more
water available, mosquito density could remain sufficiently high throughout the
year, rather than dissipating between September and January. Second, flood waters
altered the interface between people and Anopheles exposure. Families were
displaced and moved into temporary housing, often without bednets or other



11 Impact of Climate Change on Vector-Borne Disease in the Amazon 201

protective measures they may have against biting insects. Even animals, such as
rodents, mice, and snakes, were similarly displaced from forested areas and moved
into the populated communities. Third, public health efforts became focused on
providing services to displaced families, and distracted from the prior surveillance
interventions that gave some protection against VBZD transmission. All available
resources were being used for dealing with injuries, snakebites, acute infections,
and sanitation problems. This allowed malaria cases to go undetected and likely
untreated, further enabling the increase of malaria transmission.

Malaria-Climate Change Case Study

During the 1990s, Loreto experienced an epidemic malaria outbreak that peaked at
121,268 cases in 1997 [68]. Cases were initially reported in the towns of Rumococha
and Zungarococha in 1991, located about 10 and 20 km from the central city of
Iquitos, respectively. Malaria rates subsequently transitioned to endemic levels
ranging from 30,000 to 50,000 cases annually between 2000 and 2008, and then
rapidly fell to approximately 10,000 cases annually in 2010 and 2011. The transition
from epidemic malaria was aided by policies of the Peruvian Ministry of Health that
focused intervention efforts on case detection, treatment, and bednet distribution.
Specifically, the Ministry of Health focus is on febrile individuals because malaria
infection is much more likely in individuals with fever than in individuals without
fever. Individuals are instructed and reminded to go to their community health cen-
ter if they have a fever, headache, or other symptoms that might indicate they have
malaria. Individuals suspected to have malaria are diagnosed with a blood smear
that is read by a trained microscopist. If the test is positive, treatment is prescribed
at no cost, and treatment is specific to the malaria species found (i.e., P. falciparum
or P. vivax). Malaria treatment drugs are not available in private pharmacies. In
2012, the number of malaria cases in Loreto unexpectedly rose to approximately
25,000 cases following massive flooding that significantly displaced a large propor-
tion of the population.

A clinical study initiated in 2003 by Branch and colleagues in Zungarococha
[69] is a microcosm of the underlying transition observed and new malaria epi-
demic. Zungarococha has an average population of around 2,200 persons across a
4 km? area that is organized into four villages. Beginning in 2004, the population
was followed each full year until 2012. Although population size has been relatively
stable, population turnover has been rapid. Seventy five percent of the 2,340 resi-
dents in 2012 who were older than 4 years old in 2012 participated in the 2007 (pop.
2,145) study. Most of the population works within the community in occupations
related to local farming (agriculture and fish) and trading.

The Zungarococha study was designed as a year-round active case surveillance
coupled with passive detection in the community health center [69]. Active case
detection involved a minimum of six visits to each household during the (6-month)
rainy season and testing a blood sample for malaria from all persons in the house
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Fig. 11.3 Number of P. falciparum (solid red line) and P. vivax (hatched green line) in
Zungarococha detected with active case surveillance between 2004 and 2012. Population size
under surveillance varied from 2,145 to 2,340; however, the major flood event in April 2012 lim-
ited some surveillance and detection until June 2012

regardless of symptoms. Additionally, any person reporting to the community health
center with fever or other malaria-like symptoms was tested for malaria parasites.
More than 91 % of the community participated in the study each year (2004-2012).

Figure 11.3 shows the number of P. falciparum and P. vivax cases each month
detected in Zungarococha. Strong seasonal patterns were observed between 2004
and 2006, followed by sharp declines in 2007 and 2008. These declines can be
partly explained by increased treatment of symptomatic and asymptomatic cases
identified during active case detection as well as some persons developing immu-
nity [69-73]. Between 2009 and 2010, P. falciparum was nearly eradicated and P.
vivax infections were at historically low levels in 2009.

In 2010 and 2011, P. vivax cases spiked during the normal transmission season
(April-July), but by mid-2011 it was apparent that P. falciparum was also returning.
Between 2011 and 2012, there was a dramatic increase in malaria infections, which
resulted in the MOH declaring a new malaria epidemic in Loreto (Fig. 11.3). What
happened during this interval? How was the climate changing? Were there coupled
climate effects? While the study cannot answer all these questions, there are three
distinct changes that occurred over the 8-year interval to begin understanding the
underlying drivers. First, as mentioned previously, population turnover was rapid.
Between 2004 and 2010 a large proportion of the population migrated out of
Zungarococha, being replaced primarily by new births and unexposed new in-
migrants to the community. For example, after 2010, the study enrolled 124 new
individuals who either immigrated or were born into the community. The number of
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susceptible persons to malaria (either never been infected or infected more than 5
years prior) likely reached a maximum in 2009 and 2010 following several years of
declining rates (Branch, unpublished).

Second, significant climate variation was experienced in the form of temperature
change and water stress, resulting in some regions of the Amazon to have extensive
droughts in 2005 and 2010 followed by a major flood in 2012. Notably, the 2005
drought at the time was considered one of the worst on record, but impacted primar-
ily the southwest Amazon basin, leaving Loreto with relatively normal rainfall lev-
els [74]. However, Loreto felt the full effect of the 2010 drought, which was much
worse than 2005 and brought higher temperatures, fewer clouds, and less rainfall
[75]. This was followed by one of the worst floods in the history of the Amazon that
began in late 2011 with elevated precipitation. In Zungarococha, improved case
detection and treatment, development of immunity, and extensive drought condi-
tions likely translated into fewer infected persons and both fewer susceptible and
infected Anophelines. This would reduce the force of infection over time. The
higher temperatures over time might have caused a more rapid development of
malaria in Anopheles mosquitoes. Because this is a riverine environment, there were
at least some mosquito breeding sites available. As rivers began to swell in late 2011
and reached flood levels in 2012, Anopheles densities increased throughout the year,
extending the malaria transmission season into usual non-malaria months of
September, October, November, December, and January in Zungarococha, during
which 24 and 33 cases of P. falciparum and P. vivax were found, respectively.
Figure 11.4 shows the time series of P. falciparum cases and air temperature
detected prior to, during, and after the drought in Zungarococha (2007-2013). As
the figure shows, following the drought, there was high malaria incidence coupled
with an expanded malaria transmission season.

This type of transmission season expansion can have long lasting consequences
on VBZD epidemiology and evolution. Under normal seasonal conditions, there is
a barrier to the spread and evolution of the malaria parasite by there being several
months that are not hospitable to the malaria parasite and/or the mosquitos; how-
ever, when transmission occurs continuously throughout the year, the malaria para-
site can evolve to become more virulent [76]. Also, if high vector density persists
throughout the year, this could facilitate reemergence of the disease as infected
individuals reenter the area. The effect could make a balanced endemic transmission
system change to one that either has higher endemic transmission or results in a new
epidemic. In Zungarococha, the endemic transmission and near eradication that
existed before 2011 became classified as epidemic in late 2011 due to the high num-
ber of P. falciparum cases in May 2011 (20 cases).

Third, the 2012 flood altered the structural response to malaria. In March 2012,
the regional government of Loreto declared a state of emergency as several thou-
sand people were displaced from their homes. At the regional level, the ability of the
MOH to conduct passive detection of individuals with fever was significantly
diminished. Local clinics and hospitals were distracted by injuries and illnesses
other than malaria during these months (Sihuincha, unpublished). In Zungarococha,
study protocols faltered as only 1,154 individuals were contacted and tested during
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this period, compared to an expected minimum of 1,800. Approximately 600
individuals were absent from their homes and could not be located; 532 individuals
who returned to their homes by June 2012 were asked if they were diagnosed with
malaria while they were away, but none reported a diagnosis or treatment. In prior
years, the study found that approximately 30 % of the malaria infections detected
were asymptomatic [69—73], all of which were treated with antimalaria drugs to
help stop transmission. Even throughout active surveillance, the extent of the Iquitos
flood likely resulted in some missed malaria detection due to displacement of indi-
viduals and distraction of health centers to focus on acute injuries, bites, and ill-
nesses associated with the flood.

Here, we presented a specific case where malaria incidence responds posi-
tively to the climate—VBZD relationship through an expanded transmission sea-
son, flooding that contributed to A. darlingi breeding habitat and density, and
disruption of active and passive case detection. Having an ongoing active case
surveillance protocol in each year between 2004 and 2012 enabled us to observe
this relationship. With more study, improved clarity of the associations between
climate change and VBZD can be obtained. It is noteworthy that the climate—
VBZD relationship does not have to increase disease incidence. For example,
after the floods there was an increased detection of dengue virus infections in
many communities, including Zungarococha. Dengue is spread by Aedes
aegypti, which is considered hardier, more resistant to heavy rains, and more
capable of breading in small, artificial containers of water compared to anopheles
[77]. Therefore, we might observe competition between vectors, resulting in dif-
ferential VBZD risk. We are only at the beginning of understanding this complex
climate—environment and disease relationship and ways they will impact the way
we live, flourish, and fail.

Future Directions in Research

There have been several attempts to describe a generalized framework for under-
standing environmental relationships with disease transmission [18-20, 78].
Undoubtedly, studying VBZD is complex. Transmission results from interaction
between humans, vectors, and pathogens that are mediated by environmental condi-
tions operating at multiple geographic and temporal scales, which are likewise
impacted by people [34, 49, 79-81]. Frontier Malaria is a clear example of how these
interactions persist in the Amazon and how climate variation and change can signifi-
cantly alter the natural course of disease transmission. Changes in climate not only
alter the expected seasonal temperature and rainfall patterns, land—climate coupling
means that if certain thresholds are breached, local and regional impacts in land sur-
face characteristics and surface hydrology are also significantly affected. This was
the case in Zungarococha, where declining malaria rates were impacted by major
flooding, which caused a multitude of problems: extended vector breeding habitat
over space and time, altered socio-demographic behavior of individuals, and
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weakening of the health system to respond to malaria. Admittedly, positive human
behavioral response can occur, such as increased awareness of the infection, preven-
tion, or participation in intervention strategies; however, in resource-poor environ-
ments, the likelihood of these types of positive responses is, unfortunately, minimal.

One of the most challenging aspects of VBZD prevention and control is the inter-
disciplinary nature of transmission and causation. Collaborations between research-
ers in physical science, epidemiology, and social science to better understand
disease dynamics have advanced considerably in recent years. These collaborations
have been encouraged by interdisciplinary funding opportunities supported by NIH,
NSF, NASA, and other funding agencies, and they have yielded significant improve-
ments in integrated assessments of disease process, predictability, and prevention.
For the most part, however, these collaborations have involved diverse experts
bringing their traditional analytical tools and study designs to the problem of VBZD,
with minimal feedback across disciplines that limit more effective integration of
techniques. For example, the epidemiological triangle of disease causation (agent—
host—-environment) often characterizes disease risk as discrete events between
agents and hosts. Environment, which is often a distant third wheel, is usually cat-
egorized as the place where agent—host interactions occur. This is where a large
disconnect exists between epidemiology and land/climate scientists. In epidemiol-
ogy, environment is a discrete space (e.g., community, political/administrative
boundary) that is statistically modeled as a predictive variable of infection. However,
land/climate scientists recognize that environmental characteristics are derived
from modeled products (e.g., satellite imagery) and the inputs used in epidemiology
are actually continuous in space and time. The severing of a continuous ecological
biome to examine discrete events can result in ecological fallacies or at least spuri-
ous relationships between environment and disease.

In general, the application of satellite imagery to VBZD represents a core sci-
ence of opportunity. While data from satellite sensors are of interest to VBZD risk
monitoring and prediction, these sensors were almost never designed with any spe-
cific consideration for what measurement characteristics would be most useful for
VBZD research or surveillance. Similarly, climate models are almost never opti-
mized for VBZD applications in their resolution, periods of analysis, or even in the
process simulations and model outputs. Of course, some limitations in these physi-
cal science techniques are difficult to overcome —high-resolution satellite-derived
soil moisture measurements are extremely expensive and sometimes impossible to
obtain, and climate models are computationally intensive and are plagued by pos-
sibly irreducible uncertainties for both seasonal prediction and future climate
change projections. Recognizing this, epidemiologists might need to alter the study
designs and/or surveillance networks to take full advantage of the model results and
satellite observations that are available. This suggests that collaborations that cur-
rently occur primarily at the scale of small research teams need to be moved
upstream into satellite mission design, climate model development, and planning
for health monitoring systems, so that the interdisciplinary nature of VBZD prob-
lems is recognized in the design of the required research tools as well as in their
application.
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Chapter 12
Climate Variability and Change: Food, Water,
and Societal Impacts

Jonathan Patz

Abstract Climatologists now state with a high degree of certainty that global
climate change is real, is advancing more rapidly than expected, and is caused by
human activities, especially through fossil fuel combustion and deforestation.
Environmental public health researchers, in assessing future projections for Earth’s
climate, have concluded that, on balance, adverse health outcomes will predominate
under these changed conditions. The number of pathways through which climate
change can affect the health of populations makes this environmental hazard one of
the most perilous and intricate challenges that we face in this century. By contrast,
the potential health co-benefits from departing from our current fossil fuel-based
economy may offer some of the most beneficial health opportunities in over a
century.

Keywords Climate change * Societal impact of climate change  Climate change
and food and water ¢ Sea level rise in climate change * Land use effects on health
* Human health and climate change

Long-term climate change can be observed as a signal against a background of natu-
ral climate variability. Since instrument records are available only for the recent past
(a period of less than 150 years), previous climates must be deduced from paleocli-
matic records such as tree rings, pollen series, faunal, and floral abundances in deep-
sea cores, isotope analyses of coral and ice cores, and diaries and other documentary
evidence. Surface temperatures in the mid to late twentieth century appear to have
been higher than they were during any similar period in the last 600 years in most
regions, and in at least some regions, warmer than in any other century for several
thousand years [1].
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Temperature changes are accelerating rapidly. During the century 1906-2005,
global average temperature warmed by 0.74 °C. According to the United Nations
Intergovernmental Panel on Climate Change (IPCC), this trend is accelerating, and
by 2,100 average global temperatures are projected to increase between 1.8 and
4.0 °C. The rate of change in climate is faster now than in any period in the last
thousand years.

Climate Change, Sea Level Rise, and Extremes in Climate
Variability

Changing temperatures are only part of the story. Hot temperatures evaporate soil
moisture more quickly, thereby leading to severe droughts, while warmer air can
hold more moisture and result in heavy precipitation events; such “hydrologic
extremes” (floods and droughts) accompany warming temperatures within future
climate change scenarios; both extremes are a concern to global public health.

The insurance and reinsurance industry is also worried about climate change. In
2011, the United States experienced 14 weather-related disasters exceeding $1
billion each in damage costs, a new record. Weather disasters since 1996 have been
nearly twice as numerous and costly compared to the period from 1980 to 1995 [2].
Of course, this growth is in part a result of development in vulnerable (especially
coastal) areas, but the trend in weather extremes is part of the story.

The extent of Arctic sea ice has declined by 7.4 % per decade and snow cover
and glaciers have diminished in both hemispheres. In 2012, Arctic sea ice fell below
four million square kilometers, having melted to its lowest amount in the satellite
record (Fig. 12.1) [3]. Terrestrial glaciers and Antarctic ice sheets are also melting,
releasing vast amounts of water into the oceans, raising sea levels and potentially
altering the flow of ocean currents. Sea levels have risen on average approximately
2 mm per year since 1961. According to the IPCC, in 90 years sea levels will rise
between 18 and 59 cm.

Sea Surface Temperatures and Hurricanes

Sea surface temperatures have steadily increased over the last century, and more
sharply over the last 35 years. The highest average sea surface temperatures were
recorded from 1995 to 2004 [4]. Warmer ocean surface temperatures affect wind
velocities in hurricanes. Hurricanes form only in regions where sea surface tem-
peratures are above 26 °C [5, 6]. Since the 1950s, overall hurricane activity in the
North Atlantic has doubled and the Caribbean has experienced a fivefold increase
[7]. Hurricane intensity may also be associated with warmer temperatures [8, 9]. As
Hurricane Katrina demonstrated in 2005, such events have enormous significance
for public health.
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Fig. 12.1 Sea ice record melting. (a) Extent of sea ice extent on 9/16/12 compared with median
ice extent for 1979-2000 (orange line). Source: National Snow and Ice Data Center, Boulder, CO.
(b) Arctic sea ice extent during years 2007 and 2012, compared with average ice extent from 1979
to 2000 (source: National Snow and Ice Data Center, Boulder, CO.)



214 J. Patz
Vulnerable Geographic Regions

Certain regions and populations are more vulnerable to the health impacts of
climate change [10]: areas bordering regions with a high endemicity of climate-
sensitive diseases such as malaria; areas with an observed association between dis-
ease epidemics and weather extremes as with El Nifio-linked epidemics; areas at
risk from the combined impacts of climate relevant to health, such as stress on food
and water supplies or risk of coastal flooding; and areas at risk from concurrent
environmental or socioeconomic stresses, for example, local stresses resulting from
land-use practices or an impoverished or undeveloped health infrastructure, with
little capacity to adapt.

Vulnerability can also vary by neighborhood. For example, Uejio et al. [11]
found that the number of heat distress calls in Phoenix, Arizona, was higher where
city blocks had more impervious surfaces (indicating asphalt or concrete roads and
buildings), and this was the primary cause of localized “urban heat island” intensi-
fication of temperatures.

Increases in floods and droughts, decreased food security, and biodiversity loss
are special concerns for parts of Africa, Latin America, and Asia. Coastal and delta
regions are at special risk even without climate change. These include coastal China,
Bangladesh, Egypt, and especially densely populated, low-lying, small island states
such as coral reef atolls throughout Polynesia. Arid regions such as Eastern Africa
and Central Asia that already suffer from drought are likewise at increased risk.
These risks are elevated even more as global climate warms [12].

Throughout this book, we will document many direct and indirect implications
for human health due to climate change. This chapter focuses on threats to nutrition
and safe water, risks from weather extremes and sea-level rise, and water- and food-
borne infectious diseases. We then address public health responses to climate
change and potential health “co-benefits” of greenhouse gas mitigation. Finally, the
ethical dimensions of climate change and health are discussed.

Food Productivity and Malnutrition

It is no surprise that projected increases in frequency and intensity of climate
extremes will have a major impact on crop and livestock production, as well as on
the viability of fisheries [13—15]. Of course, the net effect on food production will
vary from place to place. Changes will depend on several factors; their agents
include temperature, precipitation, CO, levels (relating to the fertilization effect, for
example), extreme climate variability, and sea-level rise. But indirect effects of cli-
mate-induced changes in soil quality, incidence of plant diseases, and increased
weed and insect populations could have just as large an effect on world food sup-
plies. Higher heat and humidity will also increase food spoilage (discussed below).
The last 2 decades have seen continuing deterioration of food production in Africa,
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caused in part by persistent drought. For some foods, nutritional quality (e.g., their
protein content) will diminish as climate changes. Finally, the extent to which adap-
tive responses are available to farmers must be taken into account.

Food Production and Drought

Malnutrition remains one of the world’s largest challenges to health. Eight hundred
million people are currently undernourished [16]. Developing countries struggle with
large and expanding populations and are particularly vulnerable to threats to food
production. Projections forecast that drought-affected areas will increase, thereby
exacerbating threats to agriculture, water supplies, energy production, and human
health [17]. One-third of the world’s population currently live in water-stressed coun-
tries and that number is predicted to increase to five billion people by 2025.

In Central Asia and Southern Africa, stream flows are expected to fall, and this
may affect the food supply. Mountain snow pack, glaciers, and small ice caps play a
crucial role in freshwater availability at regional sites. Large losses from glaciers and
reductions in snow cover over recent decades are likely to accelerate throughout the
twenty-first century. This will reduce water availability and hydropower potential
and will change the seasonality of flows in regions supplied by melt water from
major mountain ranges (e.g., the Hindu-Kush, the Himalayas, the Andes), where
more than one-sixth of the world population resides [18]. Diarrhea and such diseases
as scabies, conjunctivitis, and trachoma are associated with poor hygiene and can
result from a breakdown in sanitation when water resources become depleted [19].

Despite significant agricultural technological advances, including irrigation,
food production strongly depends on weather conditions. Most cultivars are grow-
ing close to their thermal optimum. Data from 23 global climate models show a high
probability that the average growing season temperatures by the end of the century
will exceed the hottest temperatures on record from 1900 to 2006 (Fig. 12.2) [20].
Lower yields are expected to occur at low latitudes due to heat stress, and crops will
be subject to damage from flooding, erosion, and wildfires. The potential for global
food production is projected to increase with increases in local average temperature
over a range of 1-3 °C, but above this it is likely to decline [17]. Effects on global
agricultural productivity will vary regionally; reductions will be especially acute in
sub-Saharan Africa and South Asia [21].

According to one study [22], by the 2050s climate change would increase the
risk of hunger from 34 % currently to a level of 64—72 %, unadjusted for potential
adaptive interventions. Battisi and Naylor [20] found that reductions in regional
productivity could destabilize food security to the extent that the number of people
at risk for malnutrition could double by mid-century [20]. A recent study took the
next step by estimating the human toll of such changes in worldwide malnutrition:
Lloyd et al. [23] estimate that by 2030 climate change would lead to over 1.2 million
malnutrition-related deaths.
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Fig. 12.2 Likelihood (in percent) that future summer average temperatures will exceed the highest
summer temperature observed on record (a) for 2050 and (b) for 2090. For example, for places
shown in red there is greater than a 90 % chance that the summer-averaged temperature will exceed
the highest temperature on record (1900-2006). Reprinted with permission from Science. Source:
Battisi, D.S. and Naylor, 2009

Crop yields are not the only concern. Nutritional value must be considered as
well under a future climate regime. Some crops incorporate less nitrogen when CO,
levels are elevated, resulting in lower protein content. Studies of barley, wheat, rice,
potatoes, and soybeans show this reduced protein when crops are grown under
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high-CO2 conditions. The magnitude of the effect varies with soil conditions, air
quality, and other factors [24]. For populations that depend on these crops for their
protein, the high CO, effect could further threaten their nutritional status.

Of course, effects of climate change on malnutrition must be viewed in a broader
context that takes into account other trends, such as the greater portion of crops now
used either to feed livestock or supply feedstock for biofuels. In addition, when climate
change affects the prevalence of bacterial or parasitic infectious diseases—where nutri-
ent absorption is limited—this indirect pathway will affect nutritional benefits [25].

Fisheries

The most abundant greenhouse gas, CO,, when absorbed by the ocean, leads to
acidification. Over the past 250 years, the uptake of anthropogenic carbon has
reduced ocean pH by 0.1 units, a trend that is continuing. IPCC scenarios predict a
drop in global surface ocean pH of between 0.14 and 0.35 units over the twenty-first
century. While the effects of ocean acidification are not fully understood, this pro-
cess may threaten marine shell-forming organisms (e.g., corals) and their dependent
species [18]. Of course, climate change may also threaten fish populations through
other mechanisms. The recent slowing of the North Atlantic Gulf Stream, for
instance, may lower the abundance of plankton that support many fish larvae [26].
Declining larval populations will threaten recovery of overexploited fish species.

Sea surface temperature change is the dominant driving force that shifts the geo-
graphical distribution of marine species. Warmer waters are oxygen-poor; when
coupled with CO,-induced ocean acidification, they pose substantial risks to marine
ecosystems [27].

Coastal and island populations that rely on fish as their main source of protein
could be threatened if global fisheries are further stressed. Worldwide, fish represent
16 % of the animal protein consumed by people, with a higher proportion in some
regions, for example, 26 % in Asia. Climate change, together with such other pres-
sures as overfishing, may have a serious impact on this source of nutrition.

Extreme Weather Events and Health

Natural Disasters

Droughts, floods, and violent storms have claimed millions of lives during the past
2 decades, threatened many more millions of people and caused billions of dollars
in property damage. On average, such disasters have killed 123,000 people world-
wide each year between 1972 and 1996 [28]. Africa suffers the highest rate of deaths
related to disasters, although 80 % of the people affected by natural disasters are in
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Asia. For every person killed in a natural disaster, 1,000 people are estimated to be
affected, either physically, mentally, or through loss of property or livelihood [29].

Mental health problems such as post-traumatic stress disorder (PTSD) can be
pervasive after a disaster. Their persistence depends on how unexpected the event
was, the intensity of the experience, the degree of personal and community disrup-
tion, and long-term exposure to the visual signs of the catastrophe [30]. PTSD symp-
toms have been found as high as 75 % in refugee children and adolescents [31].

In poor countries, disasters can trigger large-scale dislocation of populations,
often to jurisdictions ill prepared to receive them. Malnutrition and communicable
diseases are prevalent in refugee populations. Displaced groups are also subjected
to violence, sexual abuse, and mental illness. Generally, crude mortality rates in
displaced populations may reach as high as 30 times the baseline with substantial
mortality occurring in children under 5 [32]. Even in the United States, system fail-
ures were evident in the aftermath of hurricanes Katrina and Rita. Over 2,000
Americans were killed during that hurricane season, more than double the average
number lost to hurricanes in the United States [33]. The survivors of Katrina suf-
fered twice the rate of mental illness after the disaster when compared to a similar
New Orleans population prior to that hurricane [34].

Floods

The heaviest 1 % of rain events falling in the United States increased by 20 % in the
past century, while total precipitation increased by 7 %. During the same period,
there was a 50 % increase in the frequency of days with precipitation over 4 inches
in the upper Midwest [35]. Other regions, notably the South, have also seen strong
increases in heavy downpours, with most of these coming in the warm season and
almost all of the increase coming in the last few decades.

Populations are more vulnerable in floodplains and coastal zones. Degradation of
the local environment can also contribute significantly to risk. Hurricane Mitch
serves as one example; it was the most deadly hurricane to strike the Western
Hemisphere in the last two centuries; the hurricane caused 11,000 deaths in Central
America, with thousands of other people still recorded as missing. Many fatalities
occurred from mudslides in deforested areas [36].

Wildfires

Hot temperatures combined with drought induce wildfires that threaten health both
directly and through reduced air quality. Fire smoke carries a large amount of fine
particulate matter that exacerbates cardiac and respiratory problems, such as asthma
and chronic obstructive pulmonary disease (COPD). Drought-induced fires in
Florida in 1998 were associated with increased hospital emergency room visits for
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asthma, bronchitis, and chest pain [37]. The incidence of extensive wildfires in the
Western United States (counting those over 400 ha) increased fourfold from the
period 1970-1986 to 1987-2003 [37]. Higher springtime temperatures (0.87 °C
warmer) that hasten spring snowmelt and result in a drop in soil moisture are con-
sidered driving factors that explain this increase in fires [38, 39]. Fire and climate
change modeling for California has shown that the most severe effects of global
climate change would occur in the Sierra Foothills, where potentially catastrophic
fires could increase by 143 % in grassland and 121 % in chaparral [40]. The same
study showed that greater burn intensity would result from a predicted change in
fuel moisture and wind speeds.

Sea Level Rise and Health

Thermal expansion of salt water alone (without adding glacial melt water) causes sea
level rise. One anticipated effect is an increase in flooding and coastal erosion in low-
lying coastal areas. This will endanger large numbers of people; at present, 13 of the
world’s 20 megacities are situated at sea level. Midrange estimates project a 40 cm sea
level rise by the 2080s. Under this scenario, coastal regions at risk from storm surges
will expand and the population at risk will increase from the current 75 million to 200
million [12]. Greater sea level rise would mean even more devastation. Nicholls and
Leatherman showed that the extreme case of a 1-m rise in sea level could inundate
numerous low-lying areas, and impact 18.6 million people in China, 13 million in
Bangladesh, 3.5 million in Egypt, and 3.3 million in Indonesia [41]. Countries similar
to Egypt, Vietnam, and Bangladesh, as well as small island nations, are especially
vulnerable, for several reasons. Coastal Egypt is already subsiding due to extensive
groundwater withdrawal, and Vietnam and Bangladesh have heavily populated low-
lying deltas along their coasts. In the United States, an estimated 20 million people will
be affected by sea level rise by the year 2030, either directly or indirectly by migration
networks linking inland and coastal areas and their populations [42]. In addition, rising
sea levels heighten storm surges and cause salination of coastal freshwater aquifers,
and they disrupt stormwater drainage and sewage disposal. Armed conflict may be
among the worst results emerging from forced population migrations [43].

Water- and Food-Borne Diseases

Water-borne diseases, from both freshwater and coastal marine waters, are likely to
become a greater problem through climate change-related weather extremes. In
freshwater systems, both water quantity and quality can be affected. In marine
waters, changes in temperature and salinity will affect coastal ecosystems in ways
that may increase the risk of certain diseases, and as cholera and food poisoning
from toxic algal blooms.
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Freshwater

Water quantity and quality play a large role in water-borne diseases, which are
therefore particularly sensitive to changes in the hydrologic cycle.

The impact of climate change on water quantity is relatively straightforward. In
some regions precipitation is expected to increase, whereas in others it is predicted to
decline, even to the point of ongoing drought. Water shortages contribute to poor
hygiene, and that in turn contributes to diarrheal disease, especially in poor countries.
At the other extreme, flooding can contaminate drinking water across watersheds
with runoff from sewage lines, containment lagoons (such as those used in livestock
feeding operations), or nonpoint source pollution (such as agricultural fields).

Extreme weather events can affect water quality in more complex ways. Many
community water systems are already overwhelmed by extreme rainfall events.
Runoff can exceed the capacity of the sewer system or treatment plants, and these
systems are designed to discharge the excess wastewater directly into surface water
bodies [44, 45]. Urban watersheds receive more than 60 % of their annual contami-
nant loads during storm events [46]. Turbidity also increases during storms, and
studies have linked turbidity with illness in many communities [47, 48].

Disease outbreaks from most water-borne pathogens are distinctly seasonal,
clustered in key watersheds, and associated with heavy precipitation [49]. In
Walkerton, Ontarsio, in May 2000, heavy precipitation combined with failing infra-
structure contaminated drinking water with E. coli 0157:H7 and Campylobacter
Jjejuni resulting in seven deaths and an estimated 2,300 illnesses [50].

Intense rainfall can also contaminate recreational waters and increase the risk of
human illness through higher bacterial counts [51]. This association is strongest at
the beaches closest to rivers [52]. Enteric viruses are found at higher levels in both
surface and ground water following heavy rainfall [53].

Cryptosporidiosis, one of the most prevalent diarrheal diseases in the world, is
illustrative. Associated with domestic livestock, cryptosporidium is a protozoan that
can contaminate drinking water during periods of heavy precipitation. The oocyst is
resistant to chlorine treatment. The 1993 cryptosporidiosis outbreak in Milwaukee,
during which an estimated 403,000 people were exposed to contaminated water,
followed unusually heavy spring rains and runoff from melting snow [54]. Similarly,
studies of the Delaware River have shown that Giardia and Cryptosporidium oocyst
counts correlate with the amount of rainfall [55]. In Walkerton, Ontario, in May
2000, heavy precipitation combined with failing infrastructure contaminated drink-
ing water with E. coli 0157:H7 and Campylobacter jejuni resulting in seven deaths
and an estimated 2,300 illnesses [50].

A nationwide analysis of water-borne disease outbreaks in the United States
from 1948 to 1994 demonstrated a distinct seasonality, a spatial clustering in key
watersheds and an association with heavy precipitation; 67 % of reported outbreaks
were preceded by unusually rainy months (defined as rainfall in the upper 80th per-
centile based on a 50-year local baseline) [49]. A recent study from a pediatric
hospital in Milwaukee found that admissions for acute gastrointestinal illness
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Fig. 12.3 Relationship between precipitation and E. coli counts. From 2001 to 2007 levels of
E. coli in the Milwaukee estuary, which discharges to Lake Michigan, during base flow (n=46),
following rain events with no CSO (n=70), and following CSO events (n=>54). There were signifi-
cant differences in E. coli levels following rainfall and CSOs compared to base flow (p <0.05)
(data from the Great Lakes Water Institute in Patz, JA, Vavrus S, Uejio C, McClellan S. Climate
Change and Waterborne Disease Risk in the Great Lakes Region of the US. Am J Preventive
Medicine 2008;35(5):451-458, with permission.)

increased following rain [56]. Certain watersheds, by virtue of associated land-use
patterns and the presence of human and animal feces, are at high risk of surface
water contamination after heavy rains, and this seriously threatens the purity of
drinking water.

Recreational waters are also contaminated by heavy rainfall. For example, exten-
sive runoff leads to higher bacterial counts in rivers and at beaches in coastal areas
and is strongest at the beaches closest to rivers [52]. This suggests that the public
health risk of swimming at beaches increases with heavy rainfall, a predicted con-
sequence of climate change.

Heavy rains can lead to flooding, which can also raise the risk of water-borne
diseases such as Cryptosporidium and Giardia. In many communities where sewage
and stormwater runoff are handled in a combined system, when heavy rainfall over-
whelms storm drainage infrastructures a combined sewer overflow (or CSO) event
ensures. The highest levels of E. coli bacteria occur in surface waters in such cases
(Fig. 12.3). Using 2.5 in. (6.4 cm) of daily precipitation as the threshold for initiat-
ing a CSO event, the frequency of these occurrences in Chicago is expected to rise
by 50-120 % by the end of this century [57]. This will pose increased risk to drink-
ing and recreational water quality. The worldwide average for diarrheal diseases in
the future is projected to rise 20 % for the period 2040-2069 and 29 % for 2070-
2099 [58].
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Marine Environments

The impact of climate change on the extent of sea ice melt is well documented [17].
Data since 1978 show average annual Arctic sea ice area has declined by 2.7 % per
decade (2.1-3.3), with decreases of 7.4 % in summer (5.0-9.8) [17]. Atkinson et al.
combined net sampling data on Antarctic krill from 1926 to 2003 to demonstrate the
effect of the scope of sea ice on krill populations [59]. After controlling for popula-
tions of top-down predators and bottom-up resources, they found temporal links
between summer krill density and the extent of winter sea ice the preceding year,
perhaps related to larval overwintering. Krill have enormous effects on the entire
Arctic ecosystem; they are one of the primary food sources for penguins, alba-
trosses, seals, and whales [59]. Subsequently, the humans who rely on these species
for their food and livelihood are affected by krill prevalence.

Blooms of marine algae that can release toxins into the marine environment,
including two groups, dinoflagellates and diatoms, are enhanced by warm water and
elevated nitrogen levels. These harmful algal blooms—sometimes referred to as red
tides—can cause acute paralytic, diarrheic, and amnesic poisoning in humans, as
well as extensive die-offs of fish, shellfish, and marine mammals and birds that
depend on the marine food web. Over the past 3 decades the frequency and global
distribution of harmful algal blooms appears to have increased, and more human
intoxication from algal sources has occurred [60]. For example, during the 1987 El
Nifio, a bloom of Gymnodinium breve, previously confined to the Gulf of Mexico,
extended northward after warm Gulf Stream water flowed far up the eastern United
States coast. This resulted in human neurological poisonings from shellfish and in
substantial fish kills [61]. Similarly that year, an outbreak of amnesic shellfish poi-
soning occurred on Prince Edward Island when warm eddies of the Gulf Stream
neared the shore and heavy rains increased nutrient-rich runoff [62].

By the year 2100, a 4 °C increase in summer temperatures in combination with
water column stratification would double growth rates of several species of harmful
algal blooms in the North Sea [63]. Biotoxins associated with warmer waters also
include ciguatera (fish poisoning), which could extend its range to higher latitudes.
An association has been found between ciguatera and sea surface temperature in
some Pacific Islands [64].

Vibrio species are especially prolific in warm marine waters. Copepods (zoo-
plankton), which feed on algae, can serve as reservoirs for Vibrio cholerae and other
enteric pathogens. For example, in Bangladesh cholera follows seasonal warming of
sea surface temperatures, which can enhance plankton blooms [65], and cholera
cases fluctuate with temperature in coastal Africa as well [66, 67].

Vibrio species have expanded in northern Atlantic waters in association with warm
water [68]. For example, in 2004 an outbreak of V. parahaemolyticus shellfish poison-
ing was reported from Prince William Sound in Alaska [69]. This pathogenic species
of Vibrio had not previously been isolated from Alaskan shellfish due to the frigidity of
Alaskan waters [69]. Water temperatures during in the 2004 shellfish harvest remained
above 15 °C and mean water temperatures were significantly higher than the previous
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Fig. 12.4 Temperature and cholera relationship, Peru. Daily time-series between 1993 and 1998
of hospital admissions for pediatric diarrhea, mean ambient temperature, and relative humidity in
Lima, Peru (from Checkley, W., and others. Effects of El Nino and Ambient Temperature on
Hospital Admissions for Diarrhoeal Diseases in Peruvian Children. Lancet, 2000, 355, 442450,
with permission from The Lancet.)

6 years [69]. Northern expansion of V. parahaemolyticus has been documented in
Europe [70] and a rising trend of Vibrio bacteria and shifts in plankton abundance have
paralleled warming trends in the North Sea since 1987 [71]. Such evidence suggests
the potential for warming sea surface temperatures to increase the geographic range of
shellfish poisoning and Vibrio infections into temperate and even Arctic zones.

The 1997 and 1998 El Nifio event provided a natural experiment to examine
temperature effects on diarrheal diseases, when winter temperatures in Lima, Peru,
increased more than 5 °C above normal, and the daily hospital admission rates for
diarrhea more than tripled the rates over the prior 5 years [72] (Fig. 12.4). Long-
term studies of the El Nifio Southern Oscillation or ENSO have confirmed this pat-
tern. ENSO refers to natural year-to-year variations in sea surface temperatures,
surface air pressure, rainfall, and atmospheric circulation across the equatorial
Pacific Ocean. This cycle provides a model for observing climate-related changes in
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many ecosystems. ENSO has had an increasing role in explaining cholera outbreaks
in recent years, perhaps because of concurrent climate change [73]. Overall there is
growing evidence that climate change contributes to the risk of water-borne diseases
in both marine and freshwater ecosystems.

Food-Borne Diseases

Changes in temperature and/or humidity can alter the incidence of food-borne
infectious diseases. In the UK, researchers have found a strong correlation between
the incidence of food-borne disease and temperatures in the month preceding the
illness [74], suggesting food poisoning or spoilage. Reported cases of food poison-
ing across Australia, Western and Central Europe, and Canada follow a near linear
relationship to each degree of increase in weekly temperature [17]. Temperature
contributed to an estimated 30 % of cases of salmonellosis in much of continental
Europe, especially when they exceeded a threshold of 6 °C above average [75].
Monthly incidence of food poisoning in Britain is most strongly associated with
temperatures during the previous 2—5 weeks [74]. Other food-borne agents, such as
campylobacter, are also seasonal but not as strongly linked to temperature fluctua-
tions. Food spoilage is temperature-dependent since pest species, especially flies,
rodents, and cockroaches, increase their contact with food as temperatures rise [76].

Land-Use Effects on Weather and Health

The center or core of most large cities is often much hotter than surrounding areas.
The term “urban heat island” defines parts of a city that generate and/or retain heat
as a result of roads, buildings, and industrial activities. Black asphalt and other dark
surfaces on roads, parking lots, and roofs have a low albedo (reflectivity); they
absorb and retain heat, reradiating it at night when the area would otherwise cool
down. In addition, trees are relatively sparse in urban areas, so they provide less of
the cooling effect associated with evapotranspiration. Global warming is expected
to increase both heat and humidity, which will aggravate the effect of heat islands
and increase heat stress on urban populations [77]. One study estimates the mean
surface warming due to urban sprawl and land-use change to be 0.27 °C (0.49 °F)
for the continental United States [78]. Urban areas may therefore face a com-
pounded problem as they experience both global warming and localized warming
from the heat island effect (Fig. 12.5). Urban residents in developing countries may
be especially vulnerable to morbidity and mortality during heat waves.

By the end of the twenty-first century, the number of heat wave days could dou-
ble in Los Angeles [79] and quadruple in Chicago [80], if emissions are not reduced.
A recent analysis of 21 United States cities found that the average number of deaths
due to heat waves would more than double by 2050, even after controlling for accli-
matization [81].
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Fig. 12.5 Urban Heat Island Effect. Dark surfaces such as asphalt roads or rooftops can reach
temperatures 30—40 °C higher than surrounding air (source: US Environmental Protection Agency,
Washington, DC.)

To understand the relationship between vector-borne disease and climate, local
landscapes need to be included in the analyses. For example, in the Amazon Basin,
malaria incidence fluctuates with rainfall levels. Yet regional differences in the
range of wetlands and surface water modify the effect of rainfall so much that in
upland locations with sparse wetlands, malaria increases with rainfall, whereas in
areas with abundant wetlands, it decreases [82]. In essence, climate effects must
take into account local land cover data.

Ecosystems that preserve landscape integrity and biodiversity form the basis of
many essential environmental services. However, global vegetation cover is chang-
ing far more rapidly than climate. Land cover is disrupted by such forces as defor-
estation, urban sprawl, industrial development, road construction, large water
control projects—dams, canals, irrigation systems, and reservoirs—and climate
change. Natural landscapes are being damaged or destroyed everywhere on a very
large scale. A global pattern of landscape fragmentation has emerged.

The Public Health Response

Disentangling relationships between human health and climate change remains
complex. The relationship is not always discernible, especially over short time
spans. To understand and address such links requires systems thinking and consid-
eration of many factors that range beyond health to such sectors as energy, transpor-
tation, agriculture, and development policy. Interdisciplinary collaboration is
critical. A wide range of tools is needed, including innovative public health surveil-
lance methods, geographically based data systems, classical and scenario-based risk
assessment, and integrated modeling.
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Mitigation and Adaptation

Two strategic approaches may be considered to address climate change. The first,
mitigation, corresponds to primary prevention, and the second, adaptation, corre-
sponds to secondary prevention.

Mitigation involves efforts to stabilize or reduce the production of greenhouse
gases (and perhaps to sequester those gases that are produced). This goal can be
achieved through policies and technologies that result in more efficient energy pro-
duction and reduced energy demand. For example, sustainable energy sources such
as wind and solar energy do not contribute to greenhouse gas emissions. Similarly,
transportation policies that rely on walking, bicycling, mass transit, and fuel-
efficient automobiles result in fewer greenhouse gas emissions than are produced by
the current United States reliance on large automobiles with high fuel consumption
for most transportation. Much energy use occurs in buildings, and green construc-
tion that emphasizes energy efficiency, together with electrical appliances that con-
serve energy, also plays a role in reducing greenhouse gas emissions (see Chap. 19).
A final aspect of mitigation does not aim to reduce the production of greenhouse
gases, but rather to accelerate their removal. Carbon dioxide sinks such as forests
are effective in this regard, so land-use policies that preserve and expand forests are
an important doctrine to mitigate global climate change.

Adaptation (or preparedness) refers to efforts to reduce the public health impact
of climate change. For example, if we anticipate severe weather events such as hur-
ricanes, then preparations by emergency management authorities and medical facil-
ities can minimize morbidity and mortality. Similarly, public health surveillance
systems can detect outbreaks of infectious diseases in vulnerable areas, a prerequi-
site to early control. Many of today’s current challenges, such as deaths from heat
waves, floods, and air pollution, will be exacerbated by climate change. Much pre-
paredness can therefore be constructed from analyses of the strengths and weak-
nesses of current prevention efforts, and a rethinking of potential thresholds that
may change in the future. Examples are expected changes in the volume of storm-
water runoff and the frequency of heat waves.

“Co-benefits” from Mitigating Climate Change

While the steps needed to address the evolution of climate may appear formidable,
some of them—reducing greenhouse gas emissions, developing and deploying
sustainable energy technologies, and/or adapting to climate change—yield multiple
benefits [83]. This can make them especially attractive, cost-effective, and politically
feasible. For example, urban tree planting helps reduce CO, levels, while at the
same time it reduces the heat island effect and local energy demand, improves air
quality, dampens noise levels, and provides an attractive venue for physical activi-
ties and social interaction [84]. Another example is the reduction of fossil fuel use
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in power plants. This is a principal strategy to reduce greenhouse gas emissions, and
also a strategy to reduce air pollution [85]. A third example is sustainable commu-
nity design [86]. Box 1 (below) shows the substantial health benefits gained by
facilitating active transport (walking and bicycling) in and around urban settings.
In planning solutions such as sustainable communities, it is essential that the
communities themselves be involved. Poor communities and communities of color
bear a disproportionate vulnerability to many environmental health threats. These
groups must be included when solutions are planned in order to preclude the possi-
bility that the already large gap in access to healthy and desirable neighborhoods be
widened. New areas must also be designed with cultural sensitivity and diversity in
mind so that all people can be afforded a realistic opportunity to enjoy healthy new
neighborhoods where environmental justice issues are considered at every level.

Health Co-benefits of Greenhouse gas Mitigation

Energy

A recent study by Shindell et al. addressed tropospheric ozone and black carbon (BC)
contribution to both degraded air quality and global warming [87]. The authors identi-
fied 14 best interventions targeting methane and BC emissions that reduce projected
global mean warming ~0.5 °C by 2050. The resulting “co-benefit” was the avoidance
of 0.7—4.7 million annual premature deaths from outdoor air pollution and increases
annual crop yields by 30—135 million metric tons due to ozone reductions in 2030 and
beyond. The valuation was dominated by health effects from reduced BC in the air.
While this study was global in nature, the findings apply to any location with coal-
fired power plants, the most substantial contributor to black carbon particulates.

Transportation

Midwest Region Case study: Co-Benefits of Alternative Transportation Futures
from improving air quality and physical fitness. The transportation sector produces
one-third of the US greenhouse gas emissions. Automobile exhaust contributes not
only to GHGs but also contains precursors to fine particulate matter (PM,s) and
ozone (O3), posing public health risks. Adopting a low carbon transportation system
with fewer automobiles, therefore, could have immediate health “co-benefits” via
improved air quality [88]. Modeled census tract-level mobile emissions for two
comparative scenarios: current baseline versus a low carbon scenario where auto-
mobile trips shorter than five miles round-trip would be removed for the 11 largest
metropolitan areas in the Midwestern United States. These relatively short car trips
comprised approximately 20 % of vehicle miles traveled for the region.

Across the upper Midwest study region of approximately 31.3 million people
and 37,000 total square miles, mortality would decline by nearly 575 deaths per
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year from the benefit of improved air quality. Health benefits would also accrue in
rural settings as well, with 25 % air quality-related health benefits to populations
outside metropolitan areas.

An active transport scenario was then added, with the assumption that 50 % of
the short trips (<5 miles) could by achieved by bicycle during the 4 months of most
favorable weather conditions in the region. This theoretical maximum level of bik-
ing was selected because some locations in Europe have achieved this amount of
bicycle commuting, and there already exists an observed trend of increasing bicycle
share across all of the 11 Midwestern metropolitan areas [89]. This active transport
scenario alone yielded savings of another 700 lives/year and approximately $3.8
billion/year from avoided mortality costs (95 % CI: $2.7, $5.0 billion).

In summary, the estimated benefits of improved air quality and physical fitness from
a green transportation scenario would 1,295 (95 % CI: 912, 1,636) lives saved and $8
billion in avoided mortality and health care costs per year for the upper Midwest region
alone. Nationally, there is already evidence that the US cities with enhanced levels of
active transport experience large health benefits; one study found that cities with the
highest rates of commuting by bike or on foot have obesity and diabetes rates 20 and
23 % lower, respectively, than cities with the lowest rates of active commuting [90].

Side Effects and Unintended Consequences

When solutions are attempted through interventions that are too narrowly focused or
lack involvement by the local community, steps taken to address climate change can
have unintended consequences. A cautionary example is biofuel production, a rap-
idly growing industry driven by economic incentives and public policies. Worldwide
biofuel production may quadruple within the next 15-20 years [91-93].

However, critics claim that large-scale production of biofuels diverts crops from
use as food, thus creating scarcity and driving food prices higher [94, 95]. The
extent of humanitarian food aid from the United States that is available for extremely
impoverished countries is inversely correlated with commodity prices [96]. Demand
for biofuels may also accelerate the conversion of forests to cropland. Paradoxically,
this could increase carbon dioxide levels [97-100] and threaten biodiversity in sen-
sitive areas [101]. It is quite surprising to learn that a full life cycle analysis for
biofuels showed slightly higher particulate matter levels for corn-based ethanol
compared to gasoline and cellulosic ethanol; growing corn for ethanol involves
intense use of fertilizers and farm machinery, and may simply shift air pollution
from urban locations toward rural areas [102]. Critics further claim that biofuel
production is economically inefficient, and relies heavily on subsidies [103]. Each
of these claims is controversial; for example, some argue that food scarcity results
from inadequate or inefficient distribution rather than from scarcity per se. In sum,
the biofuel debate illustrates the potential to bring about unintended consequences
that are especially harmful for vulnerable populations, and the need for careful anal-
ysis of each strategy proposed to address climate change [104].
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Ethical Considerations

Climate change poses monumental ethical concerns in several ways. First, on a
global scale, the nations that are responsible for most carbon emissions to date rep-
resent a small proportion of the world’s population; they are relatively resilient to
the effects of climate change. By contrast, the large population of the southern
hemisphere—the poor countries—account for a relatively small cuamulative share of
carbon emissions, and present a very low per capita emission rate (although total
emissions from developing nations are growing rapidly, and China surpassed the
United States in 2006). The United States, with 5 % of the global population, pro-
duces 25 % of total greenhouse gas emissions. This discrepancy exemplifies the
ethical implications posed by climate change on a global scale [105]. Poor popula-
tions in the developing world have little by way of industry, transportation, or inten-
sive agriculture. They contribute only a fraction of the per capita greenhouse gases
that the developed countries produce, and their capacity to protect themselves
against the adverse consequences of emissions caused mostly by others is quite
limited. Of course, if developing nations do not choose pathways that use more
efficient energy technology, global climate change trends will intensify even as
equity between rich and poor nations improves [43].

Within the United States, and within many other nations, a similar disparity
exists. Poor and disadvantaged people will in many cases bear the brunt of climate
change impacts, including those on health. This was graphically demonstrated in
the aftermath of Hurricane Katrina, a disaster typical of those expected to increase
with climate change. The poor populations of New Orleans and the nearby Gulf
region were disproportionately likely to fail to evacuate, to suffer catastrophic dis-
ruption following the storm, and to be unable to recover [106—108].

Finally, an ethical issue arises with respect to intergenerational justice. Climate
change holds the potential for enormous impacts on the health and well-being of
future generations. Ethical and religious thinkers have pointed this out, and have
argued that our generation owes a moral obligation to those who will follow to
restore a sustainable climate.

Financial Considerations

Every weather-related disaster has large economic costs as well as health cost. For
example, estimates for Russia’s 2010 heat wave are 55,000 deaths, 25 % of annual
crop failure, more than one million hectares of land destroyed by fire, and economic
losses at about $15 billion—or 1 % gross domestic product (GDP) [109]. The most
comprehensive economic analysis to emerge on climate change probably comes
from the UK’s Stern report.

According to the Stern Report [110] 5-6 °C warming would result in an average
5-10 % loss in global GDP, with poor countries experiencing in excess of 10 % loss
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of GDP. The report further describes analyses that include the full range of both
impacts and possible outcomes, and under a Business as Usual scenario climate
change would pose economic risks of between 5 and 20 % per capita.

Summary

Climatologists now state with a high degree of certainty that global climate change
is real, is advancing more rapidly than expected, and is caused by human activities,
especially through fossil fuel combustion and deforestation. Environmental public
health researchers, in assessing future projections for Earth’s climate, have con-
cluded that, on balance, adverse health outcomes will predominate under these
changed conditions. The number of pathways through which climate change can
affect the health of populations makes this environmental hazard one of the most
perilous and intricate challenges that we face in this century. By contrast, the poten-
tial health co-benefits from departing from our current fossil fuel-based economy
may offer some of the most beneficial health opportunities in over a century.
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Chapter 13
Household Air Pollution from Cookstoves:
Impacts on Health and Climate

William J. Martin II, John W. Hollingsworth,
and Veerabhadran Ramanathan

Abstract Household air pollution (HAP) is an exposure of poverty. The success in
having a sustainable reduction in HAP requires an understanding of the traditions
and culture of the family as well as the causes of poverty that place the family at the
bottom of the energy ladder. An integrated approach to reducing HAP with efforts
also aimed at correcting other poverty-related issues is challenging but offers the
hope for addressing root causes of poverty in a community setting that provides a
more comprehensive and sustainable approach to improving health, the environ-
ment, and, ultimately, the global climate. From one perspective, research that pro-
vides detailed exposure-responses to HAP may seem superfluous to the obvious
need for poor families to breathe cleaner air at home. One can argue that we already
have decades of information on the health risks from outdoor air pollution or the
products of incomplete combustion from tobacco smoke and so further research is
not needed. However, there is a compelling need to know how clean a stove or fuel
must be to significantly reduce health risks, so that with proper use, major implemen-
tation of such new technology may reasonably provide the intended benefits for
improved health, the regional environment, and the global climate. The alternative of
providing electrification or use of clean fuels such as LPG may not be realistic for the
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world’s poor for decades to come, if ever. Addressing the key scientific gaps related
to HAP and its reduction will provide critical new information that can inform large
scale implementation programs to provide sufficiently clean household air for fami-
lies living in poverty, such that diseases are prevented, a healthier lifestyle is pro-
moted, and a reduction in global warming trends buys more time for a planet in peril
from climate change.

Keywords Biomass ¢ Household air pollution ¢ Climate change ¢ Poverty and
climate change

Household air pollution (HAP) from cooking fires in mostly low and middle income
countries contributes to major health and environmental risks [1-3]. HAP is a result
of incomplete combustion of solid fuels such as biomass and coal that is typically
used for cooking, heating, and lighting in homes of those living at the bottom of the
energy ladder. Biomass fuels consist of wood, crop residues, charcoal, or dung.
Almost three billion people on the planet rely on use of solid fuels with the exposure
to HAP contributing to almost four million deaths annually [3]. In addition, the
consumption of these solid fuels causes regional environmental degradation through
deforestation and the household emissions at scale represent a sizeable fraction of
the outdoor air pollution in villages and cities [4]. Furthermore, some of these emis-
sions such as black carbon are short-lived climate forcers that can contribute to
global warming [5]. HAP is both a major health risk for the poorest people on the
planet and a major risk for global climate change; thus, its remedies which are pos-
sible today offer the unique opportunity to improve the health and quality of life of
the world’s poor and, at the same time, provide hope that the global warming trends
can be mitigated by reducing the impact of the short-lived climate forcers.

Cooking Fires and the Role of Women

Use of cooking fires goes back to the origins of our species and likely contributes to
our evolutionary success as an intelligent species through improved nutrition [6].
Many of us harbor pleasant memories of camping fires and perceive cooking even
in primitive sites as a warm and nurturing experience. Cooking fires in poor house-
holds reflect generations and centuries of traditions and cultural practices that rein-
force patterns of behavior that often contribute to defining the role of women in a
social and familial context. Cooking is not only a duty that falls almost exclusively
to women, they are also responsible for the fuel gathering, a form of drudgery that
occupies significant time in their daily routine and places the women and accompa-
nying children at considerable personal risk, if they must walk miles from their
villages to gather fuel [7]. Thus, because of the role of women in cooking and fuel
gathering, women are at the center of this environmental issue. Therefore, women
are additionally the key to the success of the proposed solutions to address HAP.
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Proposed interventions to reduce HAP require the successful adoption and use of
new stove or fuel technology, which can only be achieved through support from
women. The ability of women to have a voice in the family decisions and to adopt
the behavior changes necessary for reducing HAP requires fundamental changes in
social and cultural practices. We emphasize this message early in this chapter lest
the new and increasingly affordable technologies to reduce HAP suggest that the
health and environmental risks are easily managed and implemented; they are not.
Failure is always more likely than success. This is well demonstrated in a recent Ted
Lecture by David Damberger, a member of engineers without borders, who articu-
lates the need in any development enterprise to carefully evaluate the long-term
outcome of any intervention, as most will fail [8]. Current efforts of large scale
implementation of improved cookstove technology targeting the world’s poor will
require involvement of women in all levels of participation to achieve success.
Implementation programs require constant evaluation and research to be certain that
expected health, environmental, and climate benefits are in fact realized.

Cooking Using Solid Fuels and Possible Cooking Solutions

The three billion people who use solid fuels for cooking or heating typically use a
variation of a three-stone fire with fuel being pushed into the fire gradually from the
sides or, if affordable, use a primitive stove that provides the basic needs of cooking
[9]. If a stove exists, it is often without a chimney or flue as they typically require
detailed construction and maintenance to function properly. Over time, efforts for
adequate removal of cookstove emissions are often not sustainable and emissions
are simply released into the household [10]. This is how almost half the planet lives.

For decades, nongovernmental organizations (NGOs), local and multinational manu-
facturers, development agencies, host country governments, and foundations have strug-
gled with improving the quality of cookstoves in lower and middle income countries,
which is where the majority of the world’s poor live. Some of these efforts have had
substantial success such as in China [11] or more limited success as in the case of India
[12]. In the majority of implementation studies around the world, there has been little
study of the impact of “improved cookstove” programs on health or environment. Most
implementations are often conducted at such a small scale and in such different cultural
settings, that benefits are assumed and comparisons across programs are difficult.

In the past several years, there are increasing efforts to develop better coordina-
tion of the efforts of implementation and to develop a common knowledge base
about the principles of stove efficiencies, affordability, and successful implementa-
tion. The best example of this effort is the Partnership for Clean Indoor Air (PCIA)
led by the US Environmental Protection Agency (EPA) that has more than 500
members including NGOs, manufacturers, governments, academic institutions, and
others (http://www.pciaonline.org). Since there are many “improved” cookstoves
on the world market, the PCIA has focused much its attention on improving the
understanding of what is an efficient and clean burning stove.


http://www.pciaonline.org/

240 W.J. Martin II et al.

There are two types of cookstove efficiencies that impact health and the environ-
ment: (1) fuel efficiency and (2) combustion efficiency [9, 13]. Fuel efficiency
reflects the amount of fuel required to achieve a specific task, such as a controlled
water boiling test [9, 13, 14]. Fuel efficiency is critically important to households as
stoves with improved fuel efficiency save the family fuel costs and time lost in fuel
gathering. Reductions in time required to gather fuel are important for both women
and children because saved time could be redirected to enhance educational and
economic growth. Improved fuel efficiency will reduce the quantity of solid fuel
burned and, thus, the quantity of CO, released from cooking fires. The second type
of efficiency relates to the efficiency of combustion itself, and is necessary for
reducing particulate matter (PM) that impairs health. PM, 5 is that fraction of aero-
sol particles that is smaller than 2.5 pm and poses special risks to human subjects
due to its access to the lower respiratory tract and alveolar structures of the lung,
where gas exchange occurs [15, 16]. Many outdoor air quality standards rely on
PM, s and PM,, to reflect the risk of these air pollutant fractions to human health.
Carbon monoxide (CO) is also a very dangerous pollutant, especially with the use
of charcoal as a fuel [17]. Improving the combustion efficiency of a stove is key to
reducing harmful emissions such as PM, s and CO. Black carbon is part of the PM, 5
fraction and is reflected as “soot” to the observer. Successful reduction of these pol-
lutants will reduce human exposures and improve human health. There can be con-
siderable differences in combustion and fuel efficiencies between stove testing sites
and the household setting related to many factors including choice of fuel, ventila-
tion, location of stoves, and human behavior. Therefore, demonstration of cook-
stove fuel and combustion efficiencies requires validation in the households of low
to middle income countries to achieve desired benefits with implementation.

Another critical component to reducing exposures to household members is to
understand how human behavior or cultural traditions may impact level of expo-
sures. For example, the solid fuels collected (or purchased) for the stove must be
sufficiently dry and combustible to perform the cooking task to achieve the
reduced levels of emissions. Often, people will collect anything that burns easily
such as leaves or crop residues which contain excessive moisture, and, when
burned in even the most advanced stoves, will result in a very smoky indoor envi-
ronment. In addition, there are special challenges during the transition from a
traditional fire to use of an improved stove. Many families continue to use both
types of stoves at the same time. In this common scenario, there may be some
minor reduction in emissions with new cookstove technology. However, the reduc-
tion in indoor ambient pollution may be far less than that required to significantly
improve human health. Often, the new improved stove or fuel is not properly
designed to meet the complex cooking and cultural needs of the household includ-
ing the absence of a traditional smoky flavor which makes it less desirable.
Improving the efficiency of stoves or fuels offers the potential for multiple bene-
fits to both households and the environment. However, implementation at large
scale requires thoughtful interaction and participation with families and commu-
nities with a sensitivity to cultural traditions to ensure adoption of new technolo-
gies and realization of the co-benefits.
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In an effort to bring together the diverse interests that surround HAP and its mul-
tiple adverse impacts, the United Nations Foundation launched the Global Alliance
for Clean Cookstoves in September 2010 (http://cleancookstoves.org). The Global
Alliance for Clean Cookstoves is a public—private partnership with a mission “to save
lives, empower women, improve livelihoods, and combat climate change by creating
a thriving global market for clean and efficient household cooking solutions.” The
Global Alliance has a stated goal to have 100 million homes adopt clean and efficient
stoves and fuels by 2020. The US government is a key partner with a commitment of
more than $50 million with almost half representing research and training efforts by
the National Institutes of Health [1]. The Alliance has already developed hundreds of
partners to help meet its mission and goals including other governments around the
world, multinational companies, foundations, and NGOs. If successful, the Global
Alliance will provide a forum for major implementation of new technology to reduce
HAP and its health and atmospheric impacts that will use ongoing research and eval-
uation to validate whether such impacts occur at the scale expected. This ambitious
effort is potentially a “game-changer” in bringing recognition and resources to
address this global threat to human health and the environment.

Stove Testing

There are multiple sites today where stoves can be tested for fuel and combustion
efficiencies. The US EPA offers rigorous stove testing at its facility in Research
Triangle Park, North Carolina, USA, to determine emission patterns under con-
trolled conditions [18]. In addition, Aprovecho Research Center in Cottage Grove,
Oregon, offers similar testing but also offers a portable stove testing lab that can be
used anywhere in the world [14]. Similarly, Berkeley Air in Berkeley, California,
offers state of the art testing of stoves that complement a number of technologies
related to HAP and stove use including exposure monitoring devices [19]. The PCIA
web site http://www.pciaonline.org keeps up to date information on available stove
testing facilities around the world as this technology moves into the host countries
where stove testing is so critical to assess the potential benefits of an “improved
stove.” Today, the standard practice is to test stoves both under laboratory conditions
and in the field, where the testing more closely replicates family use and exposures.

Health Impacts of Household Air Pollution

HAP is the number one environmental cause of death in the world. These deaths are
primarily from respiratory conditions including acute lower respiratory tract infec-
tion (ALRI) in children under age 5, chronic obstructive pulmonary disease (COPD),
and lung cancer as reported in 2009 for the year 2004 [2] as well as from inclusion
of cardiovascular diseases as reported in the recent update of the Global Burden of
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Disease (GBD) 2010 [3]. The lung cancer risks are almost exclusively related to
coal use for cooking and heating in China [20], although the GBD 2010 report now
includes lung cancer from biomass HAP exposure [3].

Outdoor and HAP share many of the same products of incomplete combustion,
although typically the household levels of these pollutants are of much higher con-
centration [21, 22]. Also, the same is true of emissions from burning of tobacco, the
other “biomass.” Studies of health risks from HAP may well be informed from these
related exposures, especially if exposure-response data are comparable across the
different exposures.

A trans-US Government workshop held in May of 2011 addressed the state of
the science of health impacts from HAP and offered a number of recommendations
for future research related to health risks [23]. These findings relate to additional
health risks from a small number of studies of HAP that may require replication but
also include human health risks related to what we know from outdoor air pollution
and tobacco smoke. Some of these putative risks will require further study in popu-
lations living with HAP, but the underlying rationale for these studies based on simi-
lar exposures is strong.

Examples of probable health risks attributable to HAP include cardiovascular
disease, other respiratory diseases such as asthma or interstitial lung diseases, preg-
nancy outcomes such as birth weight, prematurity, or perinatal complications such
as sepsis, infectious diseases such as acute pneumonia in older children or adults or
tuberculosis, cancers related to HAP from non-coal sources such as biomass, and
ocular disorders such as cataracts or trachoma. Of course, some health risks from
indoor fires are unrelated to HAP. Burns and scalding are often under-reported and
yet represent a life-changing risk for women and children that can include death
[24]. Thus, stoves must not only be more efficient to promote health but also be
tested for safety to reduce risk of burns.

Potential Host Risk Factors That Predict Adverse Health
Effects Associated with Household Air Pollution

There are numerous studies supporting adverse health effects of chronic exposure to
HAP related to use of cookstoves and exposure to incomplete combustion of solid
fuels. The average of particulate exposure with use of indoor cookstoves is in the
range of milligrams per cubic meter and peak levels can reach 10-30 mg/m? [25].
This level is orders of magnitude higher than current EPA regulatory standards for
outdoor air pollution, which is currently a 24-h average of 35 pg/m? which is solely
based on considerations for adverse health outcomes above this regulatory standard.
There are limited studies of susceptible or vulnerable populations that are specifi-
cally associated with HAP related to solid fuel use. However, based on our funda-
mental understanding of the biological response to outdoor PM exposure and the
extremely high levels of exposure encountered in homes with indoor fires, it is not
unreasonable to consider that similar risk factors may contribute to adverse health
outcomes associated with HAP. However, vulnerable and susceptible populations in
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the LMIC associated with this common environmental exposure have not yet been
identified through rigorous scientific investigations.

There are specific groups that may be at increased risk of adverse health out-
comes based on our current understanding of the biological response to particu-
late matter. Previous work with outdoor particulate matter exposure identifies
that both life-stage (children and older adults) and low socio-economic status
represent characteristics associated with increased health risk. This is highly rel-
evant as individuals exposed to HAP include children of low socio-economic
status. Studies consistently demonstrate an exposure—response relationship
(duration of daily exposure and number of years of exposure with health risk).
Additionally, because of the cultural role of women in many regions of the world,
both women and children experience a highest level of daily exposure. Therefore,
both women and children are at the highest risk of health-related complications
from HAP. For example, strong associations between biomass exposure and
COPD have been demonstrated in never-smoking women, but not in men [26].
These findings do not necessarily demonstrate sex-dependent differences in
intrinsic susceptibility, but rather are more likely related to cumulative duration
of exposure to HAP. Together these observations support that both women and
children are likely at the highest risk of adverse health effects related to level of
exposure to HAP.

The role of host genetics in the response to HAP has received little attention.
However, we recognize that exposure to PM is associated with specific host genet-
ics. Previous studies of PM have identified a potential role for genes associated with
regulation of oxidative stress (GSTM1, GSTP1, GSTT1, HMOX1, CAT, MNSOD),
detoxifying enzymes (NQOI1, EPHX1), and inflammation (TNF, TGF) [27]. It
remains unclear whether the response to HAP is dependent on similar host genetic
factors as the specific components of HAP are different than those associated with
outdoor PM. However, a major component of HAP is black carbon and recent evi-
dence supports that exposure to black carbon is associated with adverse effects on
blood pressure [28]. In addition to the role of host genetics in response to PM, it is
now clear that exposure to PM can modify host DNA. Exposure to PM can result in
both DNA damage [29, 30] and shortening of telomere length [31]. Future studies
will be invaluable to better understand the role of host genetics in response to HAP
and the potential impact of this exposure on damaging host genes.

Our current appreciation of the effect of ambient environment on disease suscep-
tibility extends beyond classic genetics. We now appreciate that common environ-
mental exposures can modify epigenetic marks that include DNA methylation,
histone modification, chromatin structure, and short regulatory RNA. These nonge-
netic (non-code) heritable changes can impact genetic expression and can have a
profound lasting impact on human health. For example, exposure to traffic-related
PM can result in rapid changes in DNA methylation [32] and exposure to ambient
PM can result in modified site-specific DNA methylation [33]. Exposure to black
carbon is associated with specific changes in micro-RNAs (regulatory short frag-
ments of RNA) [34] and DNA methylation [32, 35]. The implications of these
observations are that exposure to air pollution could have immediate impact on
disease risk in a manner independent of changes in genetic code.
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Based on the current understanding of epigenetics, pregnancy likely represents a
unique window of susceptibility in programming epigenetic marks [36]. We specu-
late that early life (in utero and childhood) may represent a vulnerable population to
the effects of HAP. During this period of development, HAP exposures may have a
lasting effect on health through modification of epigenetic marks. One example of
this long-term impact of early life exposures is that HAP may represent a major
contributor to risk for noncommunicable diseases later in life, even if subsequent
years of childhood and adulthood are lived in an environment free of this hazard.
The core principle of developmental origins of health and disease as initially pro-
posed by David Barker is that these windows of susceptibility in early life impact
lifelong risk of disease [37]. Future work should focus on the impact of HAP on
modification of the epigenome and its role in long-term risk for health and disease.

Currently there are limited available studies that identify host risk factors for
adverse health effects associated with exposure to HAP. There is strong evidence
supporting an exposure-risk association with HAP, which identifies both women
and children at the highest risk of adverse health consequences. We speculate that
similar to outdoor particulate matter exposure, undefined host genetics likely con-
tribute to the biological response to cookstove emissions. Ambient exposures can
modify host epigenetic marks that could alter disease risk and should be considered
in future studies of biomass exposure. Identification of both susceptible and vulner-
able populations for the health effects of indoor biomass exposure will require mul-
tidisciplinary studies integrating quantification of environmental exposures, genetic/
epigenetic marks, and social context.

Regional Environmental Degradation

Fuel gathering is necessary for most of the world’s poor to maintain a supply of fuel
for cooking, heating, and lighting within their homes. It may reflect a range from
walking long distances to collect wood in areas that are deforested, to picking up
burnable debris along the roadside to pilfering discarded chunks of coal, where
available. As noted previously, fuel gathering long distances from the safety of the
village places women and their accompanying children at risk from gender-based
violence, as well as injuries from heavy lifting, animal attacks, and insect bites [7].
Progressive deforestation due to uncontrolled consumption of wood for fuel has
enormous social, environmental, and climate consequences as the loss of trees
directly impacts biodiversity with loss of habitats for animals as well as loss of plant
life required for a balanced ecosystem [4, 7, 38—40]. This, in turn, begins a cascade
which can impair effective water management that can result in pooling of water
that exacerbates the environmental degradation as well as puts human subjects at
risk for illness including infectious diarrhea and vector-borne disease such as
malaria. As a “picture is worth a thousand words,” there are several aerial photo-
graphs of national boundaries around the world that reflect differing environmental
policies between countries that exist in nearly identical geographic circumstances.
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Fig. 13.1 Island of Hispaniola demonstrating impact of deforestation in Haiti compared with
Dominican Republic (DR). Haiti is the poorest country in the Western Hemisphere and shares the
Island of Hispaniola with its neighbor, the DR. The population of Haiti relies on household fuel
principally in the form of charcoal. There has been virtually no formal governmental policy in
Haiti to protect its forests as fuel needs have increased over the past decades. The resulting defor-
estation results in a marked visual difference apparent in this NASA satellite photograph of the
island with Haiti appearing largely barren and the DR that has federal policies regarding forest
management, demonstrating a significant retention of its forests and biodiversity. http://earthobser-
vatory.nasa.gov/IOTD/view.php?id=5352

One such example is the island of Hispaniola in the Caribbean, that is home to both
the Dominican Republic and Haiti (Fig. 13.1). Haiti relies almost entirely on char-
coal as its primary energy source for residential use of solid fuels and the environ-
mental consequences are self-evident, placing the country at major risk for repeated
flooding and with a loss of its once rich biodiversity.

Contribution of Household Air Pollution to Outdoor Air
Pollution

The contribution of HAP on the level and composition of outdoor air pollution
remains poorly characterized. However, given the global prevalence of households
that use solid fuels as the primary source of household energy needs and the
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extremely high level of HAP, it is highly probable that HAP significantly contrib-
utes to outdoor air pollution. For example, one remarkable historical event is the
London smog of 1952 that resulted in 12,000 excess deaths and was attributed, in
part, to HAP from the myriad homes that relied on residential burning of coal [41].
It is recognized that black carbon is an important component of HAP. The relative
contribution of HAP as source of black carbon in outdoor air pollution, when com-
pared to industrial emissions, remains unknown. Future studies should focus on the
contribution of HAP on ambient outdoor air pollution. Current global efforts to
replace traditional cookstoves provide an opportunity to better understand the con-
tribution of household incomplete fuel combustion on external environment. The
Surya project described later in this chapter offers the first such opportunity to
address this issue. Interventions on household stoves on a large scale could have the
potential co-benefits of improved indoor environment and reduce emissions that
may impact outdoor air pollution.

Role of Black Carbon and Other Short-Lived Climate Forcers

Rapid and meaningful progress on slowing global warming is achievable if we rec-
ognize that global warming is caused by two different types of pollutants. The first
is the long-lived carbon-dioxide released by fossil fuel combustion, which stays in
the atmosphere for a century to thousand years. Most climate policies have focused
on CO,, but it will take decades and trillions of dollars to reduce emissions signifi-
cantly. The world cannot afford to lose such decades. The planet has already warmed
by more than 0.8 °C and the resulting symptoms are being perceived in rising sea
levels, melting mountain glaciers including in the Himalayas and the Alps, large
scale retreat of the Arctic sea ice and warming of the ocean waters penetrating to a
depth of 1,000 m or more, and such extreme weather as droughts, floods, and heat
waves. Worse, humans have already dumped enough greenhouse gases in the atmo-
sphere to warm the planet by more than 2 °C [42]. Even if we were to replace half of
all fossil fuel use with renewables, the warming will continue to increase for decades,
because roughly half of the CO, molecules live for a century or more once released.

Fortunately, the world can get out of this seemingly hopeless predicament by
broadening its focus to the second type of pollutants. Roughly half of total global
warming is due to the release of four of these: dark soot particles called black car-
bon; and the gases methane, lower atmospheric ozone, and the halocarbons (CFCs,
HCFCs, and HFCs). These pollutants (except CFCs, which are already banned and
few other halocarbons) stay in the atmosphere for only weeks to a few decades and
hence are referred to as short-lived climate forcers. Cutting these short-lived climate
warming pollutant levels in half, which is feasible with current technologies—as
UNEP’s Report on black carbon and ozone has recently demonstrated [43]—would
quickly reduce the warming trend by 50 % [44] and give the world 2—4 decades for
the effects of CO, reductions to take hold. In addition such measures can save 0.7—
4.7 million lives annually and protect more than 100 million tons of crops from air
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pollution-related damages [45]. The effects will also be quickly realized. For exam-
ple, if we were to eliminate black carbon emissions by diesel vehicles today, their
warming effect would disappear within weeks to a month. The cost of such reduc-
tions would not cripple economies; for example, between 1989 and 2007, California
reduced its black carbon emissions by as much as 50 %.

Black carbon and ozone in the atmosphere have major regional climate effects,
including melting the Himalayan glaciers and decreasing the monsoon rainfall over
S. Asia [43, 46, 47]. In addition, both these climate warming agents lead to melting
of Arctic sea ice [43]. China and India have a common interest in cutting the black
carbon and ozone that is melting their shared glaciers, killing millions and destroy-
ing millions of tons of crops. The United States and Europe share common interest
in the Arctic where black carbon and other short-lived pollutants are responsible for
almost half of the melting ice. Modest steps that attack these short-lived climate
forcers, with fast and measurable responses, are the best way to jump-start the
stalled climate mitigation actions.

Improved Cookstoves or Fuels as Interventions to Reduce
Health Impacts

As the majority of HAP is from cooking fires, it is reasonable to pursue interven-
tions with more efficient stoves and fuels that will result in dramatic reductions in
emissions and in exposures to family members. The challenge to date has been that
although many “improved stoves” have demonstrated improved fuel efficiency with
expected savings in fuels from 30 to 50 %, exposure reductions have been more
modest. The recently published RESPIRE study from Guatemala suggests that
exposures may need to be reduced by 50 %, and perhaps as much as 90 %, to reduce
the risk of pneumonia in young children [48]. These findings were the result of a
controlled trial with improved built-in stoves with added chimneys that physically
replaced the traditional stoves, thereby removing the risk that the families might
continue to use the traditional stoves as well. Participants in the study were trained
in the proper use and maintenance of the stoves and chimneys and community
workers and investigators were available to monitor the intervention as well as the
exposure assessments. Thus, multiple factors reinforced the correct use of the inter-
vention to achieve the results of dramatic exposure reduction.

It is challenging to consider how to achieve similar results from implementation
of cookstoves that are sold in local markets but will not have the support systems in
place similar to that of a controlled trial that reinforces proper stove adoption and
use. NGOs or government programs working closely with communities can develop
village-level training and educational programs to provide many of the same support
systems, if well planned and implemented. There are many, perhaps thousands, of
cookstove types available at local markets in lower and middle income countries.
Examples of many of these stoves have been tested for various performance mea-
sures including fuel and combustion efficiencies (Fig. 13.2) [9, 13, 14]. Typical
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Fig. 13.2 Display of multiple cookstove types used around the world. This photograph shows the
wide variety of cookstoves using solid fuels in LMIC including: Open “3-stone” fire, wood fuel,
Berkeley Darfur, wood fuel, Envirofit G-3300, wood fuel, Onil, wood fuel, Philips HD4008, wood
fuel, Philips HD4012, wood fuel, Sampada, wood fuel, StoveTec GreenFire, wood fuel, Upesi
Portable, wood fuel, GERES, charcoal fuel, Gyapa, charcoal fuel, Jiko, ceramic, charcoal fuel,
Jiko, metal, charcoal fuel, KCJ Standard, charcoal fuel, Kenya Uhai, charcoal fuel, StoveTec pro-
totype, charcoal fuel, Belonio Rice Husk Gasifier, rice hull fuel, Mayon Turbo, rice hull fuel,
Oorja, biomass pellet fuel, StoveTec TLUD prototype, wood pellet fuel, Jinqilin CKQ-801, corn
cob fuel, and Protos, plant oil fuel (Courtesy of James Jetter, U.S. EPA, National Risk Management
Research Laboratory Air Pollution Prevention and Control Division, Stove Testing Center,
Research Triangle Park, North Carolina, USA)

“rocket stoves” achieve reasonable fuel efficiency with reductions in fuel use of
about 30 %, but the exposure reductions will be less than the 50-90 % noted in the
RESPIRE trial to achieve risk reduction for acute pneumonia. Additions of fans to
the rocket stoves, the so-called fan stoves, offer greater efficiencies for both fuel use
and emissions [13, 14]. The Philips stove was one of the first examples of a success-
ful commercially available fan stove produced at scale. And many of the liquid fuel-
based stoves, such as LPG, propane, biogas, or alcohol, offer the opportunity for
being ultraclean with exposure reductions greater than 90 % [13, 14, 49, 50]. There
are also natural draft, “top loading updraft” (TLUD), and other gassifier stoves, all
of which offer opportunity for marked reduction in emissions [13, 14]. And finally,
solar-based stoves offer the advantage of zero emissions and no fuel costs [13].
However, there can be issues with solar stoves such as the timing of cooking (early
morning and evening) when sunlight is not available, or during rainy seasons when
alternatives are needed or, finally, the adoption of solar cooking from traditional
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cooking methods may be too great a change for some families. Nonetheless, solar
cookers are a viable alternative as the primary means of cooking or as a supplement
to an “improved” solid fuel stove. An additional strategy that can extend the cooking
cycle without additional energy input is heat-retention cooking [9]. This method
uses devices such as a “haybox” that is insulated and houses a cooking pot recently
removed from a cookstove that limits loss of heat and permits the food to continue
to cook. Such an integrated approach to cooking makes sense from both an energy
usage perspective and a health and climate perspective. The diversity of cookstoves
on the market in the absence of widespread testing creates confusion to consumers,
NGOs, and governments that wish to address this problem. In 2012, there was an
international working agreement for setting standards for cookstove performance
from a meeting of stakeholders hosted by the International Organization for
Standardization (ISO) in The Hague [13]. This is a major advance as both compa-
nies manufacturing stoves and consumers buying stoves can be guided by interna-
tionally accepted standards to ensure a “clean cookstove” is what it says it is.

The challenge facing investigators and implementers (mostly NGOs, manufactur-
ers, and governments) is to select cookstoves that are affordable and acceptable to
households; and, yet, are sufficiently clean as to achieve dramatic reductions in both
emissions and exposures. Exposure reduction of 50-90 % is critical to reducing health
risks [48] and emission reduction is necessary for mitigating climate risks. Currently,
the commercially available stoves most likely to provide both reduced emissions and
exposures from use of solid fuels include fan stoves that use a predictable and reliable
fuel source such as pellets or properly dried wood. As noted previously, there is a
rapidly emerging class of stoves that are gassifiers, natural draft, or other stove types
that are also available but not necessarily world-wide as yet. Commercially available
charcoal stoves typically have lower PM emissions than rocket or traditional stoves
but can create dangerous levels of CO as families are less aware of the dangers absent
the higher PM emissions. As noted previously, liquid fuels such as LPG, propane,
biogas, and alcohol offer very low emissions but ongoing cost of fuels can represent
an unrealistic financial burden to a family in poverty. The key to any of these strate-
gies is to develop a monitoring and evaluation system that documents stove use and,
where possible, exposure levels in and around the household. The stove unit monitor-
ing system (SUMS) developed by Berkeley Air offers one approach to quantitatively
assess stove use for both improved and traditional stoves [51]. Personal and area
exposure monitoring on a selected basis are also essential to determining whether
improved stoves or fuels are delivering the impacts expected.

Surya Project as Model of Potential Interventions
to Reduce Climate Impacts

Black carbon and ozone, two potent short-lived climate forcers, are also great targets
for developing nations because they have other known consequences apart from their
health effects. They contribute to global warming (about 25-50 % of the CO, warming
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Fig. 13.3 Evidence of warming over the elevated Himalayan-Tibetan region comparing aerial
photographs of 2001 with 2006. The interception of sunlight by black carbon leads to about
30-50 % of the warming effect of this region with evidence for deglaciation

as of 2005). In addition, they perturb regional climate in major ways. Interception of
sunlight by black carbon leads to about 30-50 % of the warming over the elevated
Himalayan-Tibetan region (Fig. 13.3) [43, 52, 53]. Black carbon interception of sun-
light also weakens the monsoon circulation and reduces monsoon rainfall [43, 54, 55].
In addition both these pollutants lead to widespread destruction of crops, both directly
[43] and indirectly through their effects on monsoon precipitation [56].

The world has an unprecedented opportunity to mitigate some of the disastrous
effects of black carbon and ozone on climate, agriculture, water, and health with a
simple act: replacing traditional cookstoves with energy-efficient and pollution-free
cooking technologies. This work has already begun with international initiatives
like the Global Alliance for Cookstoves, but challenges remain. The numerous
cookstove initiatives that have taken place all over the world have demonstrated
time and again that catalyzing widespread adoption of such clean cooking technolo-
gies will require innovative and affordable solutions.

This is where Project Surya, an internationally recognized cookstove project spon-
sored by the United Nations Environment Programme, comes in [52, 57]. Its goal is
to demonstrate scientifically the environmental and health benefits of introducing
clean cooking technologies and, ultimately, provide a rigorous evidence base for
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large scale action. It aims to deploy improved cooking technologies in a contiguous
region with a population of approximately 50,000, thus creating a “black carbon
hole” in the otherwise omnipresent pollution cloud which will be measured across
space and time to quantify the multi-sector impacts of better cooking technologies.
Project Surya will use cell phones, instrument towers, and satellites, and will empower
village youth to work with world-class experts in documenting the impacts.

A pilot phase was successfully completed in 2010 in a village in one of the poorest
and most polluted regions in the Indo-Gangetic plains. It has already achieved some
ambitious and measurable outcomes including documenting the connection between
indoor air pollution from cooking and ambient outdoor pollution levels [58]; identify-
ing improved cooking technologies that reduce pollution significantly [59]; deploy-
ing improved cookstoves in all the 500 or so households in the pilot village; and
verifying that we will be able to measure the impacts of a larger-scale intervention
using cell phones [60]. Another, parallel pilot test has been started in Nairobi, Kenya.

Our recent data has also shown that the measured black carbon concentrations
are three to five times higher than the concentrations simulated by climate models,
making it all the more urgent to take action now to target it and other short-lived
climate forcers [61]. Fortunately, there is a great success story to draw upon. The
enormous greenhouse effect of CFC-11 and CFC-12 was discovered only in 1975
[62]. CFCs were regulated by the 1987 Montreal Protocol, because of their negative
effects on stratospheric ozone, but if this had not happened they would have added
enough heat energy to warm the planet by about 1 °C or more.

Value of Co-benefits for Human Health and Climate

Improved and more efficient stoves or fuels can significantly reduce stove emissions
that reduce HAP but also reduce outdoor air pollution that contributes to atmospheric
changes that influence the climate. Simply displacing stove emissions through a chim-
ney or flue without improving stove or fuel efficiencies not only continues to place a
family or village at risk for HAP as the pollution reenters the home from the outside,
its contribution to atmospheric change remains unabated. There are additional strate-
gies needed to augment household exposure reduction. Obviously, the technology
used to reduce HAP in any intervention being studied is critical to the impact on
health and climate outcomes. However, the new technology must be acceptable to the
user as significant reductions in HAP require exclusive use of the new stoves or fuels
by the user, as opposed to shared use with the traditional means of cooking that can
generate emissions that overwhelm the benefits of a new stove or fuel. There has been
too little focus on the importance that human behavior and cultural traditions play in
household approaches to energy use. When large scale implementation programs with
improved stoves or fuels are being conducted, there is a need to measure the impact
on household and outdoor exposures either directly or indirectly that reflect the impact
of the improved stove or fuel. In the absence of such measurements, the impact on
human health, environment, and climate remains unknown and speculative. It is the
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responsibility of investigators, implementers, communities, and governments to work
together to validate that major implementation programs with improved cooking solu-
tions have the intended effects, and, if not, make the necessary changes in the imple-
mentation to ensure that the health of human subjects in poverty and the health of the
planet are finally realized as true co-benefits.

Summary

HAP is an exposure of poverty. The success in having a sustainable reduction in
HAP requires an understanding of the traditions and culture of the family as well as
the causes of poverty that place the family at the bottom of the energy ladder. An
integrated approach to reducing HAP with efforts also aimed at correcting other
poverty-related issues is challenging but offers the hope for addressing root causes of
poverty in a community setting that provides a more comprehensive and sustainable
approach to improving health, the environment, and, ultimately, the global climate
[63]. From one perspective, research that provides detailed exposure-responses to
HAP may seem superfluous to the obvious need for poor families to breathe cleaner
air at home. One can argue that we already have decades of information on the health
risks from outdoor air pollution [64] or the products of incomplete combustion from
tobacco smoke [65] and so further research is not needed. However, there is a com-
pelling need to know how clean a stove or fuel must be to significantly reduce health
risks, so that with proper use, major implementation of such new technology may
reasonably provide the intended benefits for improved health, the regional environ-
ment, and the global climate. The alternative of providing electrification or use of
clean fuels such as LPG may not be realistic for the world’s poor for decades to
come, if ever. Addressing the key scientific gaps related to HAP and its reduction
will provide critical new information that can inform large scale implementation
programs to provide sufficiently clean household air for families living in poverty,
such that diseases are prevented, a healthier lifestyle is promoted, and a reduction in
global warming trends buys more time for a planet in peril from climate change.
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Chapter 14
Biomass Fuel and Lung Diseases: An Indian
Perspective

Rajendra Prasad and Rajiv Garg

Abstract One half of the world’s population relies on biomass fuel as the primary
source of domestic energy. Biomass fuel exposure inflicts a high degree of morbidity
and mortality upon the human race. This is especially true in the context of develop-
ing countries especially for India where biomass fuel is main source of the domestic
energy. It is estimated that three-quarters of Indian households use biomass fuel as
the primary means for domestic cooking. According to WHO estimate more than
half of Indian population depends on solid fuel for domestic purpose. There are wide
variations between the rural and urban households regarding the specific kind of
biomass fuel used. Biomass fuel attributes for 5-6 % of the national burden of dis-
ease. Many respiratory diseases have been found to be associated with the exposure
of biomass fuels such as acute lower respiratory infections, chronic obstructive
pulmonary disease, lung cancer, pulmonary tuberculosis, and asthma. Published
evidences from India suggest association of the respiratory diseases particularly
tuberculosis, COPD, and lung cancer with biomass fuel exposure and also it contrib-
ute heavily to the burden of diseases. It is hoped that in future, studies on biomass
exposure-associated morbidities and its prevention would claim priority. Concerted
efforts in improving stove design and transition to high efficiency with low emission
fuels may reduce respiratory disease associated with biomass fuel exposure.
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Biomass fuels are primary source of domestic energy for about half of the world’s
population [1]. Biomass fuel consists of firewood, dung cakes, agricultural crop
residues (straw, grass, shrubs etc.), coal fuels, and kerosene. Together they supply
75 % of the domestic energy in India. The rest of the country relies on cleaner fuels
namely liquefied petroleum gas (LPG) and natural gas [2]. The biomass fuels and
coal are sources of high level indoor air pollution as these are used for cooking and
heating on traditional stoves or open fires which results in incomplete combustion
and heavy smoke production.

Biomass Fuel Use in India

It is estimated that three-quarters of Indian households use biomass fuel as the pri-
mary means for domestic cooking. Ninety percent of the rural households and 32 %
of the urban households cook their meals on a biomass stove. Only 25 % of the
cooking is done with the cleaner gases. Ninety percent households using biomass
fuels cook on an open fire (Figs. 14.1 and 14.2). There are wide variations between
the rural and urban households regarding the specific kind of biomass fuel used. In
rural India, 62 % households use firewood, 14 % cook with dung cakes while 13 %
use straw, shrubs, grass, and agricultural crop residues to fire their stoves. In urban
India, 22 % use firewood, 8 % use kerosene, and the rest uses cleaner fuels like LPG
or natural gas [2]. According to World Health Organization estimate in 2010, more
than half of Indian population (58 %) depends on solid fuels for domestic purpose
[3]. It can also be stated that 75 % of rural households reported firewood as their
primary cooking fuel as compared to only 22 % of urban households. It is apparent
that factors such as affordability, awareness, ease of availability, cooking space con-
straints, social customs, and demographics (for example, working women) play a
significant role in the choice of fuel in urban locality [4].

Fig. 14.1 This photo shows
the fire wood used as a
cooking medium in open
space
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Fig. 14.2 Crop residue used as cooking medium indoors
Morbidity and Mortality

Globally, almost two million deaths per year are attributable to solid fuel use with
more than 99 % of these occurring in developing countries [1]. The number of
disability adjusted life years (DALYs) attributable to indoor air pollution from solid
fuel use for all causes account to 40 million. India’s figures are very alarming.
Within yearly death toll of 662,000 attributed to biomass fuel exposure, India tops
the list of the South Asian region [2]. Biomass fuel attributes for 5-6 % of the
national burden of disease [5]. It has been estimated that indoor air pollution from
solid fuel use in all developing countries accounted for about 1.6 million deaths
annually in 2004 and about 500,000 in India in 2010 suggesting serious impact on
health [6, 7].

The Emissions from a Biomass Stove and Exposure
Determining Factors

Biomass fuel combustion results in production of numerous physical and chemical
products which affect the health of the lung. When firewood is burnt, the combustion
efficiency is far less than 100 % [8]. The biomass cook stoves wastes 74 % of the
carbon as dissipated heat and only 18 % is used for real cooking [9]. Burning biomass
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fuels emits toxic fumes into the air which is mix of small solid particles, Carbon
Monoxide, Poly organic and poly aromatic hydrocarbons (PAH), Formaldehyde.

The small solid particles are the particulate matter having size less than 10 um
(PM10) and particles having size less than 2.5 pm are more hazardous for health as
they can penetrate the lung [10]. The concentration of indoor particles less than
10 pm (PM10) measured over 24 h in Indian solid-fuel-using households is over
2,000 pg/m* compared to 30 pg/m?* in USA [10].

The carbon monoxide produced during burning of various biomass fuels produces
various short-term health effects like dizziness, headache, nausea, feeling of weakness,
etc. and the long-term exposure can be likened to carbon monoxide from cigarette
smoke which can lead to heart disease and fetal development anomaly [11, 12].

The PAH include a large class of compounds released during the incomplete com-
bustion of organic matter [13]. Benzopyrene is one of the most important carcinogens
of this group. The PAHs are fluorine, pyrene, chrysene, benzoanthracene, benzoflu-
oranthene, benzopyrene, dibenzanthracene, benzoperylene, and indenopyrene. All
these PAHs except the first three have been classified as possible carcinogens [14].
Formaldehyde is well recognized to be an acute irritant and long-term exposure can
cause a reduction in vital capacity and chronic bronchitis. In an epidemiological
study in UK, significantly excess mortality from lung cancer was observed in work-
ers exposed to high levels of formaldehyde [15].

The overall pathological effect of biomass smoke can be taken as mutagen,
immune system suppressant, severe irritant, blood poison, inflammatory agent,
CNS depressant, cilia toxin, endocrine disruptures, and neurotoxin. They have also
been firmly established as human carcinogens. Several toxic inorganic chemicals
are known to cause asphyxiation, stillbirth, infant death, heart disease, and severe
acute and chronic lung disease. Many mechanisms of cell injury are still
unexplained.

Architecture of the House and Biomass Smoke Exposure

The level of exposure to these toxic fumes from a biomass stove varies widely with
the house architecture and household composition. Quantitative exposure assess-
ments in various households have been conducted in different parts of India for
development of exposure—response relationships. The climatic and cultural varia-
tions between the northern and southern Indian regions have influenced outcome
significantly. Cooking areas in many Indian households tend to be poorly ventilated,
and about one half of all households do not have separate kitchen (Figs. 14.3 and
14.4). Most of the households lack a chimney or any other ventilatory measures.
One study conducted in Porur, Chennai reported that 36 % households used biomass
fuels for cooking in indoor kitchens without partitions, 30 % in separate kitchens
inside the house, 19 % in separate kitchens outside the house, and 16 % in outdoor
kitchens [16]. The personal exposure of cooks to the respirable particles in biomass
smoke was not significantly different between indoor kitchens with or without
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Fig. 14.4 Another example of firewood used as a cooking medium indoors

partitions and separate kitchens outside the house but was significantly different
from exposures of cooks using open outdoor kitchens as dispersion of emissions is
greater outdoors as compared to indoors and therefore cooks cooking in open out-
doors experience lower exposures compared to those in enclosed kitchens (Figs. 14.5
and 14.6). Households with kitchens without partitions experienced the highest
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Fig. 14.5 Cooking is done in open space on coal

Fig. 14.6 Agricultural crop residues are used as a cooking medium outdoors

levels of living area concentrations as compared to other types. It was also observed
that young children and the elderly who mostly occupy the living room are exposed
to higher levels of smoke in unpartitioned indoor kitchens. Among non-cooks in
households using solid fuels, women not involved in cooking and men with outdoor
jobs have the lowest exposures, while women involved in assisting the cook and
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men staying home have the highest exposure. There seems to be no significance for
the cooking duration, the number of meals cooked, outdoor area measurements or
the presence or absence of chimneys [9, 16].

Respiratory Health Effects of Biomass Fuels

Many respiratory diseases have been found to be associated with the exposure of
Biomass fuels. The strength of association varies for such diseases like acute lower
respiratory tract infections (ALRI), chronic obstructive pulmonary disease
(COPD), lung cancer, pulmonary tuberculosis, asthma, and interstitial lung dis-
eases. The evidence relating to their strength of association for ALRI in children
<5 years is strong (relative risk 2.3, C.I. 1.9-2.7), for COPD in women more than
30 years age is strong (relative risk 3.2, C.I. 2.3-4.8), for lung cancer with coal
smoke exposure the strength of association is also strong in women >30 years
(relative risk 1.9, C.I. 1.1-3.5). For tuberculosis and asthma the strength of asso-
ciation is moderate, the relative risk being 1.5 (C.I. 1.0-2.4) and 1.2 (C.I. 1.0-1.5),
respectively [17]. There are also studies including meta-analyses depicting asso-
ciation between solid fuel and risk of common respiratory disease from India as
summarized in Table 14.1.

Acute Lower Respiratory Infection in Children
Under 5 Years of Age

Acute lower respiratory infection (ALRI) contributes to 13 % of deaths and 11 % of
the national burden of diseases [5]. This is one of the major diseases associated with
the indoor air quality. There are many studies to date that show various respiratory
symptoms (coughing, wheezing etc) to be associated with solid fuel smoke expo-
sures. However none of them provide sufficient evidence to calculate odds ratio. A
host of odd’s ratios ranging from 1.9 to 2.7 have been worked out [17]. These ratios
pertain to children with ALRI younger than 5 years only. Other factors might
strongly influence ALRI incidence like housing type, location of cooking, and other
cultural practices [18]. Some of the studies carried out in India have reported no
association between use of biomass fuels and ALRI in children. In a case—control
study in children under 5 years of age in southern Kerala, India where children with
severe pneumonia (ascertained by WHO criteria) were compared with those having
non-severe ALRI attending out patient department, cooking fuel was not a severe
risk factor for severe ALRI [19]. Also Sharma et al. in a cross-sectional study
involving 642 infants dwelling in urban slums of Delhi and using wood and kero-
sene, respectively, did not find a significant difference in the prevalence of ALRI
infections and the fuel types [18].
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Chronic Obstructive Pulmonary Disease

COPD accounts for 1.5 % of deaths and forms 0.9 % of national burden of diseases
in India [5]. The incidence of chronic cor pulmonale is similar in both men and
women. This is despite the fact that only 10 % women are smokers compared to
75 % men. Another point to note is that chronic cor pulmonale occurs 10-15 years
earlier in women compared to men [20]. A relative risk of 2—4 has been arrived at
for biomass fuel exposure in various Indian studies [5]. Despite the progress made
in highlighting the association between biomass fuel exposure and COPD, many
shortcomings still exist. Smoking is an important confounding variable for COPD
and particularly so when men are included in the analyses. Another major con-
founding factor is age. The risk for COPD increases with age and many age-matched
studies have provided insufficient quantitative evidence to develop an odds ratio
(OR). The overall risk of COPD in women exposed to biomass fuel has been esti-
mated as 3.2 (95 %CI 2.3—4.8) [17]. There is much less evidence available about the
impact on men, but the risk seems to be lower with OR of 1.8 (95 %CI 1.0-3.2).
This may be attributed to the lower exposure to biomass fumes in men [21].

Lung Cancer

Lung cancer in women is a well-demonstrated outcome of cooking with open coal
stoves in China [22]. Indian women generally have low lung cancer rates [23]. This
may be in a way attributed to the minimal use of coal for cooking in Indian house-
holds. Nevertheless a few studies from India have suggested an association with
lung cancer even after adjusting for active and passive smoking. An odds ratio of
3.59 (95 %CI 1.07-11.97) has been worked out [24]. In conclusion, it may be
inferred that there is a general lack of epidemiological evidence relating lung cancer
with biomass fuel exposure. The limited cases reported have been linked with expo-
sure to coal fires [25].

Tuberculosis

Tuberculosis (TB) is a major public health problem in India. Out of the 9.4 million
new cases recorded globally 1.98 million are reported from India [26]. It is esti-
mated that 276,000 deaths occur annually due to TB in India. There is a strong
association between the use of biomass fuel and pulmonary TB. A high risk of
pulmonary TB exists in those using wood and cow dung cake as cooking fuel
(Figs. 14.7, 14.8, and 14.9) [27]. It is suggested that lowered immunodefense mech-
anisms of the lung may be the reason for disease presentation. Biomass fuel poses a
higher risk (969/100,000) of TB compared to cleaner fuels (378/100,000). It is
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Fig. 14.8 A woman and child using agricultural crop residues as a cooking medium indoor

believed that 51 % of active TB in age group more than 20 years is attributable to
cooking smoke from biomass fuels [28].

A recent study done from northern part of India among adult women having spu-
tum positive pulmonary tuberculosis as cases and age-residence area matched con-
trols revealed OR for biomass fuel compared with LPG was 2.33 (C.I. 1.18-4.59).
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Fig. 14.9 A man using fire wood as a cooking medium indoors

Adjustment for confounding factors (education, type of kitchen, smoking tobacco,
and TB in family member) and interaction between cooking fuel and smoker in fam-
ily revealed an OR of 3.14 (C.I. 1.15-8.56) [29]. Given the importance of TB in
India, because it is both prevalent and likely to increase with HIV epidemic, these
findings need to be followed up with more detailed studies.

Pneumoconiosis and Interstitial Lung Diseases

Pneumoconiosis has been reported from Ladakh, a hilly terrain in northern most part
of India [30]. This place is completely devoid of industries or mines. Yet cases have
been reported of diseases resembling miner’s pneumoconiosis. Another factor con-
sidered responsible for the development of this respiratory morbidity is the exposure
to dust from dust storms. In spring, dust storms blanket the villages in fine dust. The
practice of not allowing the wood to burn quickly and smouldering for longer dura-
tion to conserve fuel adds to the high level of respirable particles indoors. Low oxy-
gen levels or some other factor associated with high altitude may be an important
contributory factor in causation of pneumoconiosis because it has been reported that
the miners working at high altitude are more prone to develop pneumoconiosis than
their counterparts exposed to the same levels of dust and working in the mines at
normal altitude [31]. The causal role of biomass fuel exposure is however not estab-
lished [30]. Similarly, a few case reports linking ILD and biomass fuel exposure have
been documented. But here too, the veracity of the association is still debatable [32].
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Biomass Fuel Exposure and Lung Functions

There are only three studies throwing light on the effect on lung functions from use
of domestic cooking fuels including biomass fuel from India. Out of this one study
included children from north India which revealed forced vital capacity (FVC) and
forced expiratory volume in 1 s (FEV1) lowest in boys, whose households used
biomass fuel (p<0.05) and peak expiratory flow rate (PEFR) and forced expiratory
flow (FEF) 25 and 50 % also lowest in boys with their homes using kerosene as
fuels. All these were the best for LPG fuel [33—43]. The other two studies carried
out from northern part of India revealed different outcomes; the first study carried
out in 3,318 rural nonsmoking women using different domestic cooking fuel like
biomass fuel, LPG, kerosene, and mixed revealed biomass fuel users had FVC val-
ues less than 75 % predicted whereas in other groups it was more than 75 % of
predicted, though less than 80 % of the predicted values. The absolute values of all
the three parameters (FVC, FEV1, and PEFR) of lung functions were the lowest in
the biomass and mixed fuel users [44]. The second study was comparative study to
see the lung functions of healthy nonsmoking women who used either biomass or
liquified petroleum gas (LPG) as their sole cooking fuel. The effects of passive
smoking, ventilation, overcrowding and cooking index were also taken into account.
The results of this study revealed no statistically significant differences in lung func-
tions in the two groups except for the PEFR, which was significantly lower (P<0.01)
in women using biomass. No correlation was observed between different variables
and pulmonary functions. The stepwise multivariate linear regression analysis
showed no correlation between cooking fuel and the pulmonary functions. Authors
concluded that the absence of the expected adverse effects of biomass on pulmonary
functions was possibly due to better ventilation in the kitchens of subjects in the
biomass group compared to previous studies [45]. These studies indicate that the
lung functions are adversely affected by the use of biomass as domestic cooking
fuel in comparison to cleaner fuels but have the linear relationship with the duration
of cooking, overcrowding, poor ventilation and has negative correlation with better
ventilated kitchens.

Conclusion

In conclusion, biomass fuel exposures contribute heavily to the burden of diseases
in India. Despite heterogeneity of the published literature, available evidences sug-
gest significant associations with diseases like ALRI and COPD. Other diseases,
where solid fuel smoke is thought to play a role, needs more evidence to establish
the association and there are evidences that the lung functions are adversely affected
with the use of biomass fuel as domestic cooking fuel as compared to the cleaner
fuel and there is negative correlation with better ventilated kitchens. Therefore,
exposure reduction strategy should be adopted. It is also believed that selection of
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the strategies to withdraw or reduce the exposure is very challenging and probable
need of the hour for country like ours. Exposure reduction strategy will require
consideration of not only the personal exposure but also cultural and economic
aspects, both at individual as well as local levels including the level of development,
resources, technical capacity, the domestic needs of energy, the sustainability of the
considered sources of energy, and the protection of the environment. Substantial
improvement can be desired by health education and cultural modification, modifi-
cation of stove design and switching over to cleaner fuels or other high efficiency
with low emission fuels for cooking. There should be increased awareness regard-
ing the health effects of solid fuel smoke inhalation among physicians and health
administrators, which may improve not only research but also preventive actions as
well as diagnosis and treatment of affected patients in future. It is hoped that in
future studies on biomass exposure-associated morbidities and its prevention would
claim priority. This is highly desired considering the mammoth risk the solid fuels
pose in rural India.

References

1. World Health Organization. The world health report: 2004—changing history. http://www.
who.int/whr/2004/en/ Accessed 12 Feb 2012.

2. International Institute of Population Sciences (IIPS). National Family Health Survey (MCH
and family planning): India 2005-06. Bombay: International Institute of Population Sciences;
2007.

3. World Health Organization. The world health statistics: 2012. http://www.who.int/whois/who-
stat/2012/en/ Accessed 24 Sept 2012.

4. Gol. Service sector implementation, NSSO enterprises (extending trade) and consumer expen-
diture. National Sample Survey report, 63rd round 2006-2007. Government of India, Ministry
of Statistics and Program, New Delhi, India

5. Smith KR. National burden of disease in India from indoor air pollution. Proc Natl Acad Sci
USA. 2000;97:13286-93.

6. Smith KR, Mehta S, Maeusezahl-Feuz M. Indoor smoke from household solid fuels. In: Ezzati
M, Rodgers AD, Lopez AD, et al., editors. Comparative quantification of health risks: global
and regional burden of disease due to selected major risk factors, vol. 2. Geneva: World Health
Organization; 2004. p. 1435-93.

7. Wilkinson P, Smith KR, Davies M, et al. Household energy, series on the impact on public
health of strategies to reduce greenhouse gases. Lancet. 2009;374:1917-29.

8. Smith KR. Biomass, air pollution, and health; a global review. New York: Plenum; 1987.

9. Balakrishnan K, Sankar S, Padmavathi R, Smith KR. Respirable particulate levels in rural
households of Andhra Pradesh, India: daily concentrations and exposures. J Environ Stud
Policy. 2002;5:87-97.

10. Smith KR. Indoor air pollution in developing countries: growing evidence of its role in the global
disease burden. In: K. Ikeda T. Iwata, editors. Indoor Air ‘96: Proceedings of 7th International
Conference on indoor air and climate. Tokyo: Institute of Public Health; 1996. p. 33.

11. World Health Organization, International Programme on Chemical Safety. Environmental
health criteria 202: selected non-heterocyclic, polycyclic aromatic hydrocarbons, vol. 3.
Geneva: WHO; 1998. p. 63.

12. USDHHS. The health consequences of smoking—cardiovascular diseases. A report of the
Surgeon General. Rockville, MD: US Department of Health and Human Services; 1983.


http://www.who.int/whr/2004/en/
http://www.who.int/whr/2004/en/
http://www.who.int/whois/whostat/2012/en/
http://www.who.int/whois/whostat/2012/en/

270 R. Prasad and R. Garg

13. Perera FP, Hemmlinki K, Young TL, Brenner D, Kelly G, Santella RM. Detection of
poly-aromatic hydrocarbon- DNA adducts in white blood cells of foundry workers. Cancer
Res. 1988;48:2288-91.

14. Schwarz-Miller J, Rom WN, Brandt-Rauf PW. Polycyclic aromatic hydrocarbons. In: Rom
RN, editor. Environmental and occupational health, vol. 2. London: Little Brown; 1991. p.
873.

15. Acheson ED, Barnes HR, Gardner MJ, Osmond C, Pannet B, Taylor CP. Formaldehyde pro-
cess, workers and lung cancer. Lancet. 1984;1:1066-7.

16. Balakrishnan K, Parikh J, Sankar S, Padmavathi R, Srividya K, Venugopal V, et al. Daily aver-
age exposures to respirable particulate matter from combustion of biomass fuels in rural
households of southern India. Environ Health Perspect. 2002;110:1069-75.

17. Desai MA, Mehta S, Smith KR. Indoor smoke from solid fuels: assessing the environmental
burden of disease at national and local levels, Environmental burden of disease series no. 4.
Geneva: WHO protection of the human environment; 2004.

18. Sharma S, Sethi GR, Rohtagi A, Chaudhary A, Shankar R, Bapna JS, Joshi V, Sapir DG.
Indoor air quality and acute lower respiratory infection in Indian urban slums. Environ Health
Perspect. 1998;106(5):291-7.

19. Shah N, Ramankutty V, Pramila PG, Sathy N. Risk factors for severe pneumonia in children in
south Kerala: a hospital based case—control study. J Trop Paediatr. 1994;40:201-6.

20. Padmavati S, Pathak SN. Chronic cor pulmonale in Delhi. Circulation. 1959;20:343-52.

21. Gupta B, Mathur N, Mahendra P, Srivastava A, Swaroop V, Agnihotri M. A study of the house-
hold environmental risk factors pertaining to respiratory disease. Energy Environ Rev.
1997;13:61-7.

22. Smith KR, Liu Y. Indoor air pollution in developing countries. In: Samet J, editor. The epide-
miology of lung cancer, vol. 3. New York: Dekker; 1994. p. 151-84.

23. Alberg AJ, Samet JM. Epidemiology of lung cancer. Chest. 2003;123:218S.

24. Behera D, Balamugesh T. Indoor air pollution as a risk factor for lung cancer in women. J
Assoc Physicians India. 2005;3:190-2.

25. Sapkota A, Gajalakshmi V, Jetli DH, Chowdhary SR, Dikshit RP, Brennan P, Hashib M,
Boftetta P. Indoor air pollution from solid fuels and risk of hypopharyngeal/laryngeal and lung
cancers: a multicentric case—control study from India. Int J Epidemiol. 2008;2:1-8.

26. Gol. RNTCP TB status report 2010. Government of India, Central TB Division, Ministry of
Health and Family Welfare, New Delhi, India.

27. Kolappan C, Subramani R. Association between biomass fuel and pulmonary tuberculosis: a
nested case—control study. Thorax. 2009;64:705-8.

28. Mishra VK, Ratherford RD, Smith KR. Biomass cooking fuels and prevalence of tuberculosis
in India. Int J Infect Dis. 1999;3:119-29.

29. Lakshmi PV, Virdi NK, Thakur JS, Smith KR, Bates MN, Kumar R. Biomass fuel and risk of
tuberculosis: a case—control study from Northern India. J Epidemiol Community Health.
2012;66(5):457-61. doi:10.1136/jech.2010.115840.

30. Saiyed HN, Sharma YK, Sadhu HG, Norboo T, Patel PD, Patel TS, Venkaiah K, Kashyap SK.
Non-occupational pneumoconiosis at high altitude villages in central Ladakh. Br J Ind Med.
1991;48:825-9.

31. Odinaev FI. The characteristics of development and course of pneumoconiosis under the con-
ditions of a mountain climate. Gig Tr Prof Zabol. 1992;7:13—4 (Russian).

32. Dhar SN, Pathania AGS. Bronchitis due to biomass fuel burning: ‘Gujjar lung’ an extreme
effect. Semin Respir Med. 1991;12:69-74.

33. Shetty N, Shemko M, Vaz M, D’Souza G. An epidemiological evaluation of risk factors for
tuberculosis in South India: a matched case control study. Int J Tuberc Lung Dis.
2006;10:80-6.

34. Magheswari U, Johnson P, Ramaswamy P, Balakrishnan K, Jenny A, Bates M, et al. Exposure
to biomass fuel smoke and tuberculosis—a case—control study in India. Epidemiology.
2007;18:5122.


http://dx.doi.org/10.1136/jech.2010.115840

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Biomass Fuel and Lung Diseases: An Indian Perspective 271

Behera D, Aggarwal G. Domestic cooking fuel exposure and tuberculosis in Indian women.
Indian J Chest Dis Allied Sci. 2010;2:139—43.

Dherani M, Pope D, Mascarenhas M, Smith KR, Weber M, Bruce N. Indoor air pollution from
unprocessed solid fuel use and pneumonia risk in children aged under five years: a systematic
review and meta-analysis. Bull World Health Organ. 2008;86:390-8.

Ramaswamy P, Balakrishnan K, Ghosh S, et al. Indoor air pollution due to biomass fuel com-
bustion and acute respiratory infection in children under 5 in Trichy district of rural Tamilnadu,
India. Epidemiology. 2011;22:5104.

Gupta D, Boffetta P, Gaborieau V, Jindal SK. Risk factors of lung cancer in Chandigarh, India.
Indian J Med Res. 2001;113:142-50.

Hosgood III HD, Wei H, Sapkota A, Choudhury I, Bruce N, Smith KR, et al. Household coal
use and lung cancer: systematic review and meta-analysis of case—control studies, with an
emphasis on geographic variation. Int J Epidemiol. 2011;40:1-10.

Behera D, Jindal SK. Respiratory symptoms in Indian women using domestic cooking fuels.
Chest. 1991;100:385-8.

Qureshi KA. Domestic smoke pollution and prevalence of chronic bronchitis/asthma in a rural
area of Kashmir. Indian J Chest Dis Allied Sci. 1994;36:61-72.

Kurmi OP, Semple S, Simkhada P, Smith WCS, Ayres JG. COPD and chronic bronchitis risk
of indoor air pollution from solid fuel: a systematic review and meta-analysis. Thorax.
2010;65:221-8.

Behera D, Sood P, Singh S. Passive smoking, domestic fuels and lung functions in north Indian
children. Indian J Chest Dis Allied Sci. 1998;40(2):89-98.

Behera D, Jindal SK, Malhotra HS. Ventilatory function in nonsmoking rural Indian women
using different cooking fuels. Respiration. 1994;61(2):89-92.

Reddy TS, Guleria R, Sinha S, Sharma SK, Pande JN. Domestic cooking fuel and lung func-
tions in healthy non-smoking women. Indian J Chest Dis Allied Sci. 2004;46(2):85-90.



Chapter 15
The Effects of Climate Change and Air
Pollution on Children and Mothers’ Health

Roya Kelishadi and Parinaz Poursafa

Abstract Air pollution and climate change have numerous health hazards for
pregnant mothers and children. Therefore, environmental protection activities
should be considered a health priority. The importance of environmental factors on
maternal and child health care should be considered one of the main public health
priorities for primordial/primary prevention of chronic diseases.

Keywords Children’s health and climate change ¢ Climate change and effects on
mothers and children ¢ Air pollution and children’s health * Air pollution effects on
mothers’ and children’s health » Health effects of ecological changes

According to the World Health Organization (WHO), the burden of climate-related
disease and air pollution is greater for children than adults [1]. This issue is of
special importance for low- and middle-income countries [2] as climate change
alters air pollutant concentrations and transport [3, 4]. Groups especially vulnerable
to these changes include pregnant mothers, neonates, infants, and children.

The health impacts of climate change have different underlying mechanisms.
These impacts may be direct via cold or heat stress or indirect through influences on
natural systems. Climate and weather extremes may cause floods, famine, food
insecurity, social disturbance, and population displacement. Consequently, these
environmental factors are predisposing factors for both communicable and non-
communicable diseases [3].
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Based on climate models, it is proposed that increased greenhouse gas emissions
lead to higher mean temperatures, which in turn promote stronger storms and
droughts, with serious health implications [5].

Health Effects of Ecological Changes

Climatic and ecological changes present several health threats that can be classified
as primary, secondary, and tertiary. The primary effects of climate change include
increased heat waves and wildfires. Secondary effects are indirect, such as altered
distribution of arthropod vectors and intermediate hosts and pathogens along with
consequent change in the epidemiology of many infectious diseases. Health impacts
related to future health consequences, such as famine and substantial population
shift, are tertiary effects. Air pollution can be used to provide an example of all three
classifications. Consider that high levels of air pollution cause the development of
acute respiratory and irritant symptoms (primary effect). As a result, hospitalization
and mortality rates increase (secondary effect). Long-term consequences of the
exposure include low birth weight, endothelial dysfunction and genetic disorders
(tertiary effects) [6]. Key adverse effects of climate change and air pollution on
maternal and child health are summarized below:

Climate Change

Effects of Climate Change on Maternal Health

Climate change puts maternal health at risk, with the major health effects of climate
change and warming increasing pregnancy complications and renal disorders [7].

* Association of climate change with toxemia of pregnancy: Some environmental
factors, such as increased humidity, may increase the risk of preeclampsia and
eclampsia [8].

* Association of climate change with premature labor: Exposure of pregnant moth-
ers to extreme heat, mainly in the second and third trimesters, increases the risk
of premature birth and or low birth weight [9].

e Climate change and renal effects in mothers: Temperature influences body
fluid and urine volume. An association between increasing temperature in
summer time and hospitalization rates for renal disorders, such as renal stones,
is well documented. The climate-related burden of renal diseases is expected to
grow globally [10-13]. Pregnant and lactating women, who require extra
hydration, are especially vulnerable to renal disorders related to climate
change.
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Effects of Climate Change on Child Health

It is estimated that more than 88 % of the burden of disease related to climate
change occurs in children less than 5 years of age [14]. Greenhouse gas emissions
promote water cycle intensification [15], which is especially important for children
who are most prone to water-borne diseases, injury, food insufficiencies [14], expo-
sure to toxic compounds [15], emotional disturbance, and renal [16] and mental
disorders [17].

Climate Change and Food Safety for Mothers and Children

One of the most important effects of climate change on maternal and child health is
decreased food quantity and quality [18]. Agricultural production must double by
2,050 to supply worldwide demand [19]. In turn, a doubling of food production puts
a strain on water supplies; increases fertilizer application and its impact on ground-
water; and drives air pollution as well as acidification of soils and freshwater [20].
Climate change may also compromise the nutritional quality of certain foods
because grains grown at elevated concentrations of carbon dioxide have the poten-
tial for decreased content of protein and nutrients, such as iron and zinc [21, 22].

Air Pollution

Effects of Air Pollutants on Maternal Health

There is a growing body of evidence that air pollutants are associated with low birth
weight and prematurity. Individuals who experienced intrauterine growth retarda-
tion, low birth weight [23], and/or prematurity [24] are at an increased risk for non-
communicable diseases, such as obesity, hypertension and cardiovascular disease,
later in life.

Effects of Air Pollutants on Child Health

Short-Term Effects of Air Pollutants on Child Health

Respiratory and allergic symptoms are the most common short-term effects of
exposure to air pollution. Infants and children are most likely the most vulnerable
age group to air pollutants because they have greater respiratory rates than adults
and, therefore, greater exposure to air pollutants. The mouth breathing of infants
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and children may bypass the filtering effect of the nose; consequently, children
would inhale higher levels of pollutants than adults. Furthermore, children gener-
ally spend more time outdoors than adults, and their immune system and organs are
immature [25].

Long-Term Effects of Air Pollutants on Child Health

Exposure to air pollution during early life is associated with several harmful health
effects, such as perinatal disorders, infant mortality, malignancies, cardiovascular
disorders, oxidative stress, endothelial dysfunction, mental disorders and vitamin D
deficiency [26]. The long-term effects of air pollutants and their impact on chronic
disease may be mediated by systemic inflammation [27, 28]. An association between
air pollution and consequent inflammatory and oxidative stress can be found in
early life [29, 30].

Conclusion

Air pollution and climate change have numerous health hazards for pregnant moth-
ers and children. Therefore, environmental protection activities should be consid-
ered a health priority. The importance of environmental factors on maternal and
child health care should be considered one of the main public health priorities for
primordial/primary prevention of chronic diseases.
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Chapter 16
Climate Change and Public Health in Small
Island States and Caribbean Countries

Muge Akpinar-Elci and Hugh Sealy

Abstract According to popular perspective the small island states in the Caribbean,
Indian Ocean, and Pacific regions are regarded as tropical paradises, far from the
rest of the world and with pristine environments unharmed from climate change.
Unfortunately this assumption is not true. Small island communities are the most
vulnerable populations susceptible to the effects of climate change including
warmer temperatures, rising sea levels, rainfall changes, and more severe extreme
weather events such as hurricanes and tropical storms. Climate change impacts
coral reefs, fisheries, and other marine-based resources and leads to the replacement
of some local species, which negatively affects tourism, the most important source
of income. Many small islands are located in tropical zones, where the climate is
prone to increased risk from heat stress, asthma, and vector-, food-, and waterborne
diseases. Changing climate conditions can worsen the impacts of these diseases.
Thus, the effects of climate change create significant risks to public health, food
security, natural resources, and the general economies of small island communities.
This chapter highlights the impacts of climate change among small island commu-
nities and discusses their vulnerabilities.

Keywords Small island states and climate change ¢ Global warming * Public health
in Caribbean ¢ Disease exacerbation in small island states ¢ Sea level rise and small
island states  Caribbean and global warming

The effects of climate change (CC) on human health are a growing global issue.
Small island states are more susceptible to CC related with public health, food secu-
rity, natural resources, and fragile economies of the developing world. In the small
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island states, CC exacerbates the impacts of many diseases such as heat stress,
asthma, and vector-, food-, and waterborne diseases. The small island states from
the Caribbean to the Pacific believe that if the world does not act quickly enough to
identify and implement solutions for mitigation or adaptation for CC, then the small
islands will suffer more in the near future. In this chapter, we will summarize cur-
rent knowledge on the physical, socioeconomic, and health effects of CC from the
small island states’ perspective. We also share our experience as small islanders.
The final section outlines the chapter’s conclusions.

The Physical Context: Current and Expected Physical Effects
of Climate Change on Small Island States

Tropical or subtropical small islands exhibit variable climates but can be generally
characterized by distinct wet and dry seasons (precipitation) and small seasonal
variations in temperature. They are also characteristically threatened by periodic
extreme weather events such as cyclones. In the following section of this chapter,
the current and predicted (by 2100) physical manifestations of CC on small islands,
with emphasis on those in the Caribbean Sea, are discussed.

Atmospheric Temperatures

Until the next, much anticipated, definitive report is issued by the Intergovernmental
Panel on Climate Change (IPCC); sometime in late 2014, the 2007 4th Assessment
Report (AR4) remains the primary source of scientific prediction of the physical
manifestations of CC [1]. However, it is noted that many scientists now believe that
CC is occurring at a faster rate and with greater intensity than was predicted by the
models used in the AR4. The models used in the AR4 provide a range of predicted
increases (1.1-6.4 °C) for average atmospheric temperatures near the Earth’s sur-
face (over land and over water) until the end of the twenty-first century.

The predicted average global atmospheric temperature increase resulting from a
doubling of CO, concentrations is between 2 and 4.5 °C. The latest data indicate
that the world has already seen a 0.8 °C increase in average atmospheric tempera-
tures, and the Special Report on Emissions Scenarios (SRES) models in the IPCC
ARA4 predict further warming at a rate of ~0.2 °C per decade. There is little evidence
of changes in diurnal temperature ranges with both day and night temperatures
increasing at the same rate. The latest update to the “Bridging the Emissions Gap”
report published by the United Nations Environment Programme (UNEP [2]) pre-
dicts that the world is on an emission pathway that will take temperature increases
past 3 °C [2]. The International Energy Agency has indicated that more CO, was
released from the combustion of fossil fuels globally in 2010 than in any other year
in the history of mankind [3].
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The temperature increases are not and will not be the same around the globe. More
warming will occur at the poles than at the equator. More warming of the atmosphere
is occurring over land than over water, although greater than 80 % of the increased
heat is being absorbed by the oceans. This implies that for tropical small island states,
the increase in atmospheric temperatures may be different to the global average [4].

Data analysis by Trenberth et al. indicates consistent but nonlinear warming
trends in all small island regions (Caribbean, Mediterranean, Indian Ocean, and
Pacific) during the period 1901-2004 [5]. Ocean surface and island air temperatures
have increased by between 0.6 and 1.0 °C with decadal increases between 0.3 and
0.5 °C in the Pacific as compared to 0-0.5 °C increases per decade in the Caribbean,
Indian Ocean, and Mediterranean islands between 1971 and 2004.

The seven Atmospheric Ocean General Circulation Models used in the IPCC
AR4 all predict increases in surface air temperatures for all of the island regions.
Surface air temperatures are predicted to be at least 2.5 °C higher than 1990 levels
by 2100 in the South Pacific [6].

Sea Level Rise and Ocean Acidification

Perhaps the greatest existential threat posed by CC to small islands and low-lying
coastal states is that of Sea Level Rise (SLR) and the acidification of the oceans.
Currently, the majority of the SLR is predicted to be from thermal expansion, with
temperature increases already being evident at depths greater than 3,000 m [1].

The amount of SLR that islands will experience by 2100 will be dependent upon
the degree of further warming that will occur, with nonlinear responses and tipping
points potentially occurring. For example, loss of the Greenland and West Antarctica
ice sheets would significantly increase the magnitude and public health threat of
SLR to small islands. If temperature increases are between 3 and 5 °C by the end of
the century, as was the case during the last interglacial period about 125,000 years
ago, an associated SLR of 4—6 m could be expected.

Observed SLR has varied across regions and even across individual islands (e.g.,
1 mm/year in the north as compared to 0.4 mm/year in southern Trinidad) as a result
of tectonic shifts [7]. Pulwarty et al. claim that sea levels rose in the Caribbean an
average of 10 cm during the twentieth century [8]. However, it is noted that islands
like Barbados are also experiencing tectonic uplift, which would ameliorate the
effect of SLR.

According to the fourth Assessment Report, sea levels have been rising at
~1.8 mm/year between 1961 and 2003 and at ~3.1 mm/year between 1993 and
2003, primarily due to thermal expansion with some contribution from glacier and
ice cap melt [1]. It is unclear whether the increased rate of SLR from 1993 is due to
decadal variability or represents a trend. Six SRES predict a range of SLR between
0.18 and 0.59 m as a global average for the last decade in the twenty-first century.
These models do not include a significant increase in ice melt from Greenland or
Antarctica. There have been estimates that global mean sea levels may rise in excess
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of 5 m above 1990 levels if there is significant loss of the Greenland and West
Antarctica ice sheets. It is noted that current emissions (early 2012) have us on tar-
get for a temperature increase of between 3 and 4 °C with the concomitant increased
likelihood of considerable ice melt.

The latest data from the Arctic Monitoring and Assessment Programme predicts
that sea levels will rise on average 0.9-1.6 m by 2100 (as compared to the 0.18—
0.59 m in the AR4) and provided evidence that the melting of glaciers, sea ice, the
Greenland ice sheet, and ice caps had further increased in the last decade [9].

The least reported but perhaps the most insidious physical impact of CC and with
potential far-reaching economic impacts on Small Island Developing States (SIDS)
is the acidification of the world’s oceans. The lowering of the pH is directly related
to the concentration of carbon dioxide dissolved in the oceans. The concentration of
carbon dioxide in the oceans is directly related to the concentration of carbon diox-
ide in the atmosphere. The acidity of the oceans restricts the storage of carbon by
coral species and affects all calciferous marine species.

It has been predicted that if the carbon dioxide levels stabilize in the atmosphere
at 450 ppm (which is the CO, target associated with the <2 °C temperature target
being negotiated under the United Nations Framework Convention on Climate
Change- UNFCCC), coral reefs will cease to grow. Atmospheric stabilization at
550 ppm or greater (which is possible under current global emission pathways)
would result in dissolution of all existing corals [10]. The loss of the coral reefs
would result in a loss of fisheries, irreversible damage to a very diverse ecosystem,
loss of mechanical protection from waves, and loss of replenishment sand for
beaches. Ultimately, most if not all sand beaches would be lost with the resulting
socioeconomic impacts, which are discussed later in this chapter.

Hydrology and Storm Events

According to Pulwarty et al. if countries were ranked for the number of disaster
events per unit area, small islands would occupy 19 out of the top 20 natural disaster
prone regions in the world [8]. The following quote is from the Human Development
Report 2011: “Of the 10 countries suffering the greatest number of natural disasters
per capita from 1970 to 2010, 6 were SIDS” [11].

Countries like Barbados have argued that despite their very high Human
Development Index, their vulnerability to disasters should always be taken into
account when assessing the economic status of small islands and determining eligi-
bility for concessionary developmental financing. SIDS have consistently argued
that special loss and insurance mechanisms for SIDS need to be constructed specifi-
cally to address this vulnerability.

Small islands have little resilience to major disasters. Hurricane Ivan, in 2004,
damaged 90 % of Grenada’s built environment, destroyed 95 % of its nutmeg produc-
tion, and set back that industry by at least a decade. Haiti, perhaps the most unfortu-
nate of all small islands when it comes to disasters, will not recover for perhaps
decades from the earthquake in January 2010, which killed over 300,000 people.
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The AR4 could not determine a trend in the number of cyclones but did determine
that the intensity of tropical cyclones had increased in the North Atlantic since 1970
[1]. Pulwarty et al. were unable to predict with any high degree of certainty how
precipitation patterns will vary in the Caribbean as a result of CC [8]. There is some
indication that the southern Caribbean and Central America region is drying, with
predicted 20 % less precipitation by 2100 [8]. The general indications for Caribbean
islands are for shorter wet seasons, with more intense rainfall events, longer dry
seasons, and increased periods of drought.

It is likely that freshwater resources management will become a constraint to
further economic development in some of the more water-stressed islands (e.g.,
Barbados, Antigua, and Barbuda). The use of desalination, wastewater reclamation,
and rainwater harvesting is likely to become more prominent, with associated pub-
lic health implications, which are discussed later in this chapter.

There are few studies on the potential impacts of the changes in hydrological
patterns on agriculture and food security in SIDS. However, it is noted that the pri-
mary crops in the Caribbean—sugar, bananas, and cocoa—are not particularly
drought tolerant.

Ecosystem Structural Changes

As discussed earlier, as a result of CC, there will be changes to precipitation patterns,
and SLR will result in changes to coastal morphology and bathymetry. Both inland and
coastal ecosystems are likely to be impacted structurally. It now appears inevitable, no
matter what global mitigation pathways are chosen in the future, that most small
islands will face at least 0.5—1.0 m SLR before the end of the twenty-first century.

Entire coastlines will become submerged. Mangroves, sea grass beds, and coral
reefs will be affected. Built infrastructure will be destroyed (airports, seaports, oil
terminals, roads, hotels, schools, electricity generating plants, sewerage systems) and
will have to be relocated inland with the possible concomitant deterioration of green-
field sites inland. Pressures on land use, including previously protected habitats, will
become even more intense. It is noted that terrestrial watersheds in Caribbean coun-
tries have already lost, on average, 90 % of their primary vegetative cover [8].

The Socioeconomic Situation: Potential Socioeconomic Effects
of Climate Change on Caribbean Small Island Developing
States

CC is an existential issue for many low-lying SIDS and atolls (e.g., Kiribati, Tuvalu,
the Maldives). However, most SIDS have already begun to suffer from the socioeco-
nomic impacts of CC as a result of extreme weather effects and loss of agricultural
yields due to prolonged droughts or frequent flooding. Some of the socioeconomic
impacts may be indirectly caused by the responses of others to CC. For example, the
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introduction of a “carbon tax” on airline travel into and out of Europe is likely to affect
tourism revenues in the Caribbean. In the following section, the potential impacts of
CC on three sectors of an economy (energy, water, and waste) are discussed.

Energy, Water, and Waste Management

Energy, water, and waste management/sanitation can be considered as three key
crosscutting issues to be considered when any country is trying to achieve sustain-
able development. Energy is perhaps the most crucial of all three, as access to abun-
dant, reliable, and affordable sources of energy solves the water management
problem if it allows for desalination and pumping of the desalinated water to the
areas of demand.

Global efforts to mitigate CC, coupled with an increase in the cost of fossil fuels
(oil reached US$148/barrel in June 2008), have led to considerable interest in the
deployment of renewable energy and energy efficiency technologies worldwide. In
2011, even with the world still recovering from the economic recession, according
to Bloomberg Energy Finance, there was a record high investment of US$260 bil-
lion in renewable energy [12].

However, to a large extent the investment in renewable energy has not yet taken
place in most small islands, even though these islands possess abundant sources of
renewable energy (e.g., wind, solar, oceans). Perhaps two of the reasons for the lack
of market penetration and continued reliance on imported fossil fuels are (1) the
lack of interest of the private sector, including the carbon markets, due to the small-
ness of the individual islands and (2) the lack of public capital to invest in renewable
energy technologies.

Island states have prioritized adaptation rather than mitigation, perhaps con-
scious that island states can make very little contribution numerically to the global
CC mitigation effort. However, the sheer economics of sustained high fossil fuel
prices and the potential for revenue streams from carbon markets such as the Clean
Development Mechanism (CDM), even in a post Kyoto Protocol world, will likely
drive small islands towards low carbon developmental pathways.

There are potential public health impacts, both adverse and beneficial, of renew-
able energy and energy efficiency interventions that may be implemented as a result
of CC. Examples include, inter alia, disposal of the mercury contained with com-
pact fluorescent light bulbs or disposal of batteries from electric vehicles, potential
contamination of groundwater from geothermal operations, improvement in indoor
air quality by switching to modern efficient cooking stoves, and of course mitiga-
tion of CC, perhaps the greatest public health threat faced by mankind. Public health
departments and those agencies responsible for environmental health management
and monitoring will need to be cognizant of these potential impacts.

Water resources management is likely to become more problematic for many
SIDS. Without adequate storage capacity due to their small landmass, SIDS are inher-
ently vulnerable to changes in precipitation patterns and to saltwater intrusion into
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freshwater aquifers as a result of SLR. If, as it is predicted for the Caribbean, the rainy
season will be shorter but individual rainfall events more intense and sea levels will
rise by up to 1 m, considerable strain will be placed on the water utility companies to
maintain adequate supplies of fresh clean water to households and businesses.

It is likely that the costs of water supply and distribution will significantly
increase as utility companies and individual businesses turn to desalination, rainwa-
ter harvesting, and wastewater reclamation. The increased costs of water will impact
upon agriculture and other sectors of the economy. Governments in severely water-
stressed islands will have to prioritize the provision of minimum quantities of fresh
clean water to their citizens to maintain public health standards. Significant invest-
ment will be required to augment above groundwater storage capacity and to reduce
leakage in aging existing water distribution infrastructure. CC will place additional
technical and financial strain on water utilities that are already challenged by fresh-
water resource constraints, particularly in Caribbean SIDS. The provision of ade-
quate amounts of clean, potable water for cooking and sanitation is a prerequisite
for good public health.

Waste management at both the household and country level in small islands will
also be impacted by CC. Valuable land space will become even more precious.
Landfilling as the primary or only means of waste disposal will not be sustainable.
Coastal landfills (e.g., Perseverance in Grenada) will have to be sealed and relocated
inland. The interrelationship between waste management and disaster management
will need to be appreciated by public health planners. For example, hurricane and
storm events create significant quantities of inorganic and organic waste that can
swiftly become public health and environmental hazards post event if not adequately
managed. Improper disposal of waste in watercourses and drains can greatly exac-
erbate the effects of flood events.

It is recommended that the public health implications associated with CC are
identified and addressed in the integrated water resource management plans, the
integrated solid waste management plans, and the disaster management plans of
small island states.

Agriculture and Fisheries: Food Security

According to the Director of the Caribbean Council, the Caribbean food import bill
in 2009 may have been as high as US$5 billion [13]. Even without CC the Caribbean
SIDS have faced food security issues. The Caribbean’s agricultural model is geared
towards export crops—sugar cane, bananas, cocoa, nutmeg, and spices. These crops
are grown and exported to earn vital foreign exchange to then allow for the import of,
among other things, the foodstuffs to feed resident populations and visiting tourists.

Barbados, one of the most developed and prosperous SIDS, with a very high
Human Development Index, has already transitioned from an agrarian- to a service-
based economy [11]. However, Barbados is highly dependent upon food imports
and is vulnerable to world food prices and transport costs.
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The yields from the major export crops of the region, sugar and bananas, are highly
vulnerable to the changes in precipitation patterns that are a result of CC. One of the
greatest economic impacts of Hurricane Ivan on Grenada in 2004 was the destruction
of the nutmeg trees on the plantations and small farms. Recovery has taken years (a
nutmeg tree matures in ~5 years), with nutmeg exports in 2011 (~350 tons) being still
just a fraction (<15 %) of production pre-Ivan (2,500 tons/year) [14, 15].

There have been few studies on the potential impacts of CC on fisheries in the
Caribbean region. A recent article by Nurse of the University of the West Indies
concludes that the impacts of CC on Caribbean fisheries are likely to be generally
negative [16]. Nurse cites increasing sea surface temperatures and persistent warm
El Nifio phases of the El Nifio Southern Oscillation (ENSO) as having implications
for increased coral bleaching in Caribbean waters. Loss of this habitat would affect
all reef fisheries.

Ocean acidification will impact coral reefs and all calciferous marine species,
including the “conch,” which has been part of the traditional diet of the Caribbean.

Several studies have been conducted on the impact of CC on coastal upwelling
of zooplankton [17]. There is some evidence that the migration patterns of pelagic
species may vary according to the CC-induced changes in the productivity of zoo-
plankton [18]. There is evidence of fish moving closer to the poles as the oceans
warm [19]. However, there is little specific data for the Caribbean. Nurse notes that
the fisheries sector employs ~200,000 people, is responsible for 10 % of the protein
intake and generates over US$35 billion in annual revenues for the countries within
the Caribbean Community (CARICOM) [16].

Tourism

Tourism is a major industry contributor to the national economy in many small
islands. According to World Travel and Tourism Council data, the direct contribu-
tion of tourism to Gross domestic product (GDP) is USD 15.8 billion, and tourism
generates around 700,000 jobs in the Caribbean region [20]. However, CC has a
direct and significant impact on tourism.

Sea level rise, beach erosion, bleaching of coral reefs, change in rainfall, lost
natural resources and biodiversity, and severe hurricanes decrease the touristic
attractiveness of small islands. For example, tourism contributed 33 % to the
Maldives’ GDP. However SLRs will affect Maldives dramatically, and they will
lose their land and tourism revenue [21]. In 2004, the Indian Ocean tsunami reduced
tourist visits to southern Thailand, especially the provinces of Phuket, and showed
how island communities are vulnerable to natural disasters [22].

According to the UNFCC Report, “In Barbados, 70 % of the hotels are located
within 250 m of the high water mark. This suggests that many hotels are almost
exclusively within the 1 in 500 and 1 in 100 inundation zones, placing them at risk
of major structural damage” [23]. CC affects the water resources, thus shortage of
water or the emergence of vector-borne diseases may also cause a negative impact
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on tourism in small islands. Related with CC warmer weather in the north might
also decrease the number of tourists in the tropical regions. Uyarra et al. studied
effects of CC on tourism in small islands, and 654 tourists from Bonaire and
Barbados participated their study. Their results concluded “CC might have a signifi-
cant impact on Caribbean tourism economy through alteration of environmental
features important to destination selection” [24].

The negative impact of CC on the tourism industry may cause unemployment,
financial crises, rising external debt, and rising incidence of poverty and political
instability in small island states.

Infrastructure and Population Displacement

In the Pacific and Caribbean islands, large populations and infrastructures are
located in coastal areas that are more vulnerable for CCs. Severe hurricanes easily
destroy buildings, damage infrastructure, disrupt public services, and cause billions
of dollars in damage. For instance, Puerto Rico, the Virgin Islands, Turks and
Caicos, and Barbados are susceptible to floods often resulting from severe storms
because of their unique topography [25].

Hurricane Ivan landed in Grenada in 2004 and is a perfect example of small
island vulnerability [26]. Grenada’s socioeconomic infrastructure such as housing
(90 % of damaged), utilities, touristic facilities (90 % of damaged), and agricultural
production (90 % of nutmeg trees—main agricultural product) were destroyed in
less than 8 h during this category four hurricane. According to the IPCC report,
“Prior to Hurricane Ivan, Grenada was on course to experience an economic growth
rate of approximately 5.7 % per annum but negative growth of around —1.4 % per
annum is now forecast” [1]. In the future, CC may create more intense and frequent
hurricanes; therefore island communities will have less time to recover.

This vulnerability and economic devastation from extreme events cause exten-
sive migration from the small island states to metropolitan countries. According to
Docquier and Marfouk, the Caribbean and Pacific regions are the most affected
regions from skilled migration [27]. Currently, the Caribbean region has the highest
emigration rates in the world; around 12 % of the labor force has migrated to other
countries [28]. In 2002, there were approximately 750,000 refugees from the
Americas and the Caribbean and 900,000 refugees from East Asia and the Pacific
[29]. Effects of large migrations might lead to many serious health problems in the
communities. Unfortunately the quality of life of immigrants does not also improve
when they arrive in their new country, and they will be most vulnerable to health
difficulties in a new place [29]. According to McMichael’s review, “displacements
can cause varied health risks: undernutrition, exposures to infectious diseases, con-
flict situations, mental health problems, and altered health-related behaviors such as
alcohol consumption, tobacco smoking, and transactional sex” [30]. At the same
time, population displacement, especially the loss of skilled workers, impacts eco-
nomic growth and social stability of the small island states negatively [31].



288 M. Akpinar-Elci and H. Sealy

Potential Public Health Consequences Related with Climate
Change in the Caribbean

The health impacts of CC are complex and comprehensive; the real health burden is
rarely recognized. According to the estimation of the World Health Organization
(WHO), 200,000 deaths happen each year in the world’s low-income countries from
a climate-related health problem such as crop failure and malnutrition, diarrheal
disease, malaria, and flooding [30]. Many small islands are located in tropical zones,
which have climates already suitable for heat stress; asthma; vector-borne,
food-borne, and waterborne diseases; and morbidity/mortality from extreme
weather events. Incidence and prevalence of chronic diseases are increasing in the
Caribbean region with unclear reasons. As stated by the United States Agency for
International Development (USAID) 2009 report: “The burden of disease associ-
ated with non-communicable chronic diseases (NCDs) is greater than the burden of
disease associated with communicable diseases or injuries in Latin America and the
Caribbean (LAC); however, much less attention has been given to NCDs. In LAC,
approximately 50 % of all years of life lost are related to NCDs” [32].

Because of poor public health practices and inadequate infrastructure, these
problems are already escalating in small island states [33]. Changing climate condi-
tions will increase these health-related problems and burdens [34]. Before talking
about an effective adaptation action, we need to understand the consequences of CC
on health in the small island states.

As we discussed in the first part of this chapter, average annual temperatures in
the Pacific Islands have increased by about 0.25 °C and in the Caribbean have
increased by more than 0.5 °C approaching 1 °C over the last 100 years [35].
Continued temperature rise will be a risk to human societies and cause heat-related
health problems among the small island communities. Mortality, morbidity, and
hospital admissions show that death rates increase during extreme heat [30]. Patients
with cardiopulmonary problems, outside workers, elderly, and the very young can
be especially vulnerable to extreme heat. Remember that depending on culture and
infrastructure (housing), some communities are more vulnerable than others [36].
Exposure to extreme heat can result in heat stroke, sunburn, heat exhaustion, heat
cramps, heat rashes, and dehydration [37].

Rising temperatures, changing rainfall patterns and precipitation increase the rate
of vector-borne and waterborne diseases. Costello et al. stated in their paper
“Schistosomiasis, fascioliasis, alveolar echinococcosis, leishmaniasis, Lyme bor-
reliosis, tick-borne encephalitis, and hantavirus infections are all projected to increase
as a result of global CC” [38]. Malaria, dengue fever, filariasis, and schistosomiasis
already exist in tropical small island states; however, they are increasing because of
changing climate conditions in addition to poor public health practices, inadequate
infrastructure, and poor waste management practices [34]. Vector reproduction, para-
site maturation, and bite frequency mostly rise with temperature; as a result, malaria,
tick-borne encephalitis, and dengue fever will become prevalent. Dengue fever is
especially sensitive to climate conditions. Rawlins et al. reported that the incidence
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of dengue fever rises during the warm years of the ENSO in the Caribbean [39]. An
outbreak of dengue fever in Fiji simultaneously occurred with increased tempera-
tures during the El Nifio, and the cost of the outbreak was US$3—6 million [34].

Vector-borne diseases may not be the only infectious disease caused by CC impact.
CC and warm weather causes increases in pathogen microorganism development and
survival rates, disease transmission, and host susceptibility. For example, when ocean
temperatures rise, cholera risk might be increased because of higher plankton activity
(algal blooms) that supplies nutrients for Vibrio cholerae [40]. Increased rainfalls and
flooding may cause leptospirosis or cryptosporidiosis outbreaks [38]. In the WHO
Synthesis Workshop on Climate Variability, CC and Health in Small-Island States
report, it was stated that “the Epidemiology Centre and the Water and Sewage
Authority of Trinidad and Tobago found that 18.6 % of samples of potable water
taken after heavy rainfall events were positive for Cryptosporidium” [33].

In the small island states, freshwater resources are predicted to reduce in relation
to increased demand, decreased rainfall, and saltwater invasion due to hurricanes
and SLR [4]. Singh et al. also showed that “the incidence of diarrhoeal diseases is
associated with annual average temperature and negatively associated with water
availability in the Pacific” [35]. Thus, rising temperatures and decreasing water
resources related with CC may increase outbreak of diarrheal and other infectious
diseases and negatively impact quality of life and the economy of small island
states. However, rising temperatures, decreased water resources, and hurricanes
also cause a loss of agricultural productivity and seriously affect food security
among island communities. SLR, rising temperatures, and acidification of the
oceans will lead to a loss of mangroves and coral reefs, and reduced fish stocks and
warm ocean temperatures cause fish populations to move to higher latitudes which
will also affect food security of the islands [26]. This food insecurity will affect
livelihoods in coastal populations and result in malnutrition. For example, during
extreme drought, micronutrient deficiencies were found in pregnant women in Fiji.
Therefore CC can exacerbate undernutrition and starvation.

CC also contributes to air quality problems; higher temperatures and/or humidity
impacts the frequency of smog events, seasonality of pollens, spores, and formation of
various air pollutants [30]. Sunlight and high temperatures combine with nitrogen
oxides and volatile organic compounds to increase ground-level ozone, which can
damage respiratory systems. This effect may cause an increase in respiratory disor-
ders, especially asthma and other chronic lung diseases [1]. CC may affect the concen-
tration of particulate matter (PM) pollution in the air by affecting natural or “biogenic”
sources of PM such as wildfires and dust from dry soils [41]. Forest fires in Indonesia
occur annually and increase significantly related with a strong El Nifio. The Indonesian
island of Sumatra faced massive forest fires caused by El Nifio-driven droughts and
caused an increase in respiratory illnesses and allergy symptoms among islanders [34].

Published data from the Caribbean region stated that chronic respiratory diseases
are a significant public health problem in the Caribbean; [42—44] however, causality
is largely unknown. One of the studies showed that climatic variables are associated
with seasonal acute asthma admissions in emergency rooms in Trinidad [45].
Monteil et al. also reported Sahara dust as a risk factor for asthma in the Caribbean
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[46, 47]. In our recent study, we also found hospital visits due to asthma attack were
correlated with Sahara dust exposure and the monthly mean rainfall level (p <0.05)
[48]. Considering that the region is prone to tropical rain, high humidity, hurricanes,
and flooding, mold should be considered as an important respiratory risk factor in
the Caribbean. In one of our other community-based studies, we found that the
flooding caused asthma-like symptoms among the occupants of water damp build-
ings in Guyana after a 2008 flood [49]. This study found objective evidence of
dampness and mold in 32.8 % of the households.

Extreme events including hurricane, storm, flooding, and drought have also
short-term effects on human health such as drowning, injuries, and mental disorders
[1]. In 2001-2002 there were more than 50 deaths related to storms and hurricanes
in the Caribbean [33].

Conclusion and Recommendations

CC is already physically affecting small island states in the Caribbean and world-
wide. Due to the longevity of carbon in the atmosphere, further physical effects are
inevitable such as significant SLR no matter what global mitigation efforts are taken
in the near future. Changes in rainfall patterns would also appear to be inevitable. A
coordinated adaptive response will be required involving, inter alia, economists,
engineers, physical planners, and public health professionals.

To manage the health effects of CC, we need to understand the consequences of
CC on health and the solution for adaptation. Therefore building awareness and
expanding knowledge though regional-based research will be an important step for
developing adaptation and prevention strategies. Establishing effective monitoring,
early warning, and data management systems is critical for management of the
health effects of CC.
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Chapter 17

Global Climate Change, Desertification,
and Its Consequences in Turkey and the
Middle East

Hasan Bayram and Ayse Bilge Oztiirk

Abstract Climate change and desertification is a global problem, and Turkey and
the Middle East region are among the mostly affected areas of the world. By the end
of this century, Turkey and the Middle East region are expected to have an increased
mean temperature about 3-5 °C and a 2040 % decline in precipitation. The
Intergovernmental Panel on Climate Change (IPPC) warns that desertification is
likely to become irreversible, if the environment becomes drier and the soil becomes
further degraded through erosion and compaction. According to United Nations
Environment Program (UNEP), most of areas in Turkey are under desertification
and/or high potential for desertification and only small parts of the areas in Turkey
are non-risky places. Climate models predict a hotter, drier and less predictable
climate for the Middle East region, and degradation and desertification are expected
to accelerate due to global warming. Climate change and desertification is acting as
a risk for water loss, decline in agriculture, and loss of biodiversity. Climate change
has a negative impact on human health by indirect effects including air, water, and
food supplies and by direct effects on especially elderly, children, and chronically
ill population. This chapter examines the potential impacts of climate change and
desertification on the environmental parameters and human health in Turkey and the
Middle East.
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Climate has been changed due to increases in the average global surface temperature
of the earth from preindustrial period to present times. All areas of the world are
expected to be affected by consequences of climate change, however; the Middle
East countries including Turkey seem to feel these effects more severe because of
the long hot seasons they live and their limited natural reserves of water. Turkey is
located in the Mediterranean macroclimatic zone that lies between the temperate
and the subtropical zones at western parts, allowing the country to have widely
diverse regional and/or seasonal variations ranging from extremely cold winters to
very hot dry summers. Due to climate change impacts, widespread increases in
summer temperatures are expected to be recorded in the future. Summer tempera-
tures have been increasing mostly in the western and southwestern parts of Turkey.
Also, winter precipitation in the western parts of the Turkey has been decreased
significantly in the last 5 decades [1]. According to United Nations Environment
Program (UNEP), most of areas in Turkey are under desertification and/or high
potential for desertification, and only small parts of the areas in Turkey are non-
risky places [2].

Climate models are also predicting a hotter, drier and less predictable climate for
Middle East region. The region is expected to get hotter across all seasons; models
predict an increase of 2.5-3.7 °C in summer and 2.0-3.1 °C in winter [3]. By the
end of this century, this region is expected to have an increased mean temperature
about 3-5 °C and a 20 % decline in precipitation. Most of the region is expected to
remain as very hot deserts under climate change scenarios. According to United
Nations Development Program (UNDP) Human Development Report 2007/2008,
the Middle East is considered as one of the most water-stressed regions of the world
[4]. The Middle East countries including Iraq, Iran, Israel, Jordan, Lebanon, Syria,
and Saudi Arabia are also under the threat of desertification [5]. Increased tempera-
ture is expected to cause greater seasonal variability, more severe weather events,
and significant sea level rises. Furthermore, Mediterranean region is expected to
shift 300-500 km northward if a 1.50 °C warming will occur, which would mean
that Mediterranean ecosystem would become desert [6].

In this chapter, we review the published papers and the governmental and non-
governmental reports on global climate changes including changes in temperature,
green house gas emissions, desertification and their consequences on sandstorms,
water use, and loss of biodiversity in the Middle East countries including Turkey.
The impact of such changes on human health will also be reviewed in the view of
limited number of published studies and reports referring this region.

Greenhouse Gas Emissions

Turkey’s energy need and demand are increasing over the years. The country’s
demand for general energy and electricity has increased by an annual rate of 3.7 %
and 7.2 % for the period of 1990-2004, respectively [1]. In 2004, the ratios for coal,
biomass, oil and natural gas, hydro-geothermal and wind electricity, and other
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renewable sources in the total energy production were as 43 %, 23 %, 12 %, 17 %,
and 5 %, respectively [1].

Turkey lies in a sunny belt between 36 and 42 N latitudes. The yearly average
solar radiation is 3.6 kWh/m?/day and average sunshine duration is 2,640 h, corre-
sponding to 30 % of the year. Although the use of solar technologies is limited, solar
water heaters are commonly used. Turkey is one of the leading countries in the
world with a total installed capacity of 8.2 million m’collector area as of 2001. In
Turkey, the solar energy has a technical potential of 8.8 million tons of oil equiva-
lent (Mtoe) electricity generation and 26.4 Mtoe heating capacity [7]. However,
66 % of Turkey’s energy consumption is based on fossil fuels [1]. Turkey’s carbon
dioxide (CO,) emission has increased by 98 % between 1998 and 2009. Although
the country’s CO, emission was 20.59 million tons in the year 1990, it reached to
30.90 million tons in 2004. According to the estimates in 2000, 34 % of CO, emis-
sion was produced by electricity generation, 32 % by industry, 17 % by transporta-
tion, and 16 % by other sectors. However, by the year 2020, it is estimated that 41 %
of CO, emission will be produced by generation of electricity, 33 % by industry,
13 % by transportation, and 13 % by other sectors [7]. When Turkey is compared
with other countries with respect to basic CO, indicators, Turkey is ranked 23rd in
total CO, emissions, 75th in CO, emissions per capita, 60th in the ratio of CO, emis-
sions to the gross domestic product (GDP), and 55th in the ratio of CO, emissions
to the GDP, measured on the basis of purchasing power parity [5].

It is thought that solar energy has the potential to equip the Middle East with
centuries of sustainable, clean electricity [8]. It has been reported that the Middle
East receives 3,000-3,500 h of sunshine per year, with more than 5.0 kW/m? of
solar energy per day, and that average solar radiation is about 19.23 M joules per
square meter in Iran. In Israel, over 700,000 households are reported to have solar
water heaters [8].

As a region, the Middle East produces a tiny fraction of global emissions (less
than 1 % of the world total), but on per capita basis, Israel’s emissions (11.8 metric
tons per capita) exceed the European average (10.05 tons) [3]. The amounts of CO,
emissions of Jordon, Syria, and Iraq are 4.9, 3.3, and 4.1 metric tons per capita,
respectively [3]. However, the 88 % growth of CO, emissions in the Middle East
was the third largest in the world in 1990-2004 and more than 3 times faster than
the world average; most of that growth came from fuel combustion [6].

Climate Change

There have been widespread increases in summer temperatures in Turkey [1]
(Fig. 17.1). These increases are mostly recorded in the western and southwestern
parts of Turkey [1]. A recent study using the regional climate model, Providing
Regional Climates for Impacts Studies (PRECIS), suggests that the average tem-
perature in 2071-2100 will be 4-5 °C higher for coastal regions and 5-6 °C higher
for inland Turkey comparing to the average for 1961-1990, respectively [9].
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Fig.17.1 Mean annual temperature trend in Turkey (°C) (1941-2007). Trend Y=0.0064x + 13.474;
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Fig. 17.2 Annual mean precipitation and its trend in Turkey (1941-2007). Trend
Y=-0.2917x+656.92; R*=0.0079 (from Demir I, Kili¢ G, Cogkun M. PRECIS bolgesel Tklim
Modeli ile Tiirkiye icin Tklim Ongoriileri: HadAMP3 SRES senaryosu, IV. Atmosfer Bilimleri
Sempozyumu, 2008, Bildiriler Kitabi, 365-373 (in Turkish). Avaliable at: http://www.mgm.gov.tr/
FILES/iklim/iklimongoruleri.pdf)

Furthermore, winter precipitation in the western provinces of Turkey has decreased
significantly in the last 5 decades [1]. Although precipitation has decreased along
the Aegean and Mediterranean coasts, it has increased along the Black Sea coast of
Turkey (Fig. 17.2). The rainfall is also expected to be 40 % less in the West and 5 %
less in the East and the eastern Black Sea Regions, respectively [9]. On the other


http://www.mgm.gov.tr/FILES/iklim/iklimongoruleri.pdf
http://www.mgm.gov.tr/FILES/iklim/iklimongoruleri.pdf
http://www.mgm.gov.tr/FILES/iklim/iklimongoruleri.pdf
http://www.mgm.gov.tr/FILES/iklim/iklimongoruleri.pdf

17  Global Climate Change, Desertification, and Its Consequences in Turkey... 297

hand, high mountains in Turkey started to lose their glaciers, large lakes have
become smaller, and shallow lakes have vanished [10]. According to projections,
nearly 20 % of the surface water will be lost by the year 2030. By the year 2050 and
2100, the percentage of water loss is expected to increase up to 35 % and more than
50 %, respectively [11].

The Intergovernmental Panel on Climate Change (IPPC) estimates an increase in
temperature in the Middle East up to 2 °C in the next 15-20 years and over 4 °C for
the end of the century [6]. For example, the main climate change scenarios pro-
jected for Israel by the year 2100 include a mean temperature increase of 1.6—1.8 °C,
a reduction in precipitation by —8 to —4 %, an increase in evapotranspiration by
10 %, and a sea level rise of 12-88 cm [12]. According to reports from Iran, tem-
perature has risen between 2.5 and 5 °C on average with the increase in minimum
temperature being more widespread [13]. It has been reported that southwestern
parts of the Caspian Sea, northwest and west of Iran, have experienced the highest
rate of reduction in the amount of their annual precipitation [13]. On the basis of
climate change scenarios from Saudi Arabia, the average warming in the country for
the year 2041 will be higher than the global average, and the highest warming (2.2—
2.7 °C) is expected to occur during summer in the northwestern regions. The pre-
cipitation is also expected to decrease in the entire Kingdom from December to June
[14]. According to similar climate change scenarios, the average warming in Syria
for the year 2041 will be higher than the global average. The greatest increase (2.0—
2.1 °C) will be expected to occur in the northwest and the southeast region of the
country [15]. The IPCC projections indicate that the anticipated increase in surface
temperature and reduction in rainfall will result extreme desiccation in Middle East
region [6]. It is also expected that these changes will result in a global increase in
sea levels, which are expected to rise between 0.1-0.3 m by 2050 [3].

In the Middle East, total available water resources are 262.9 billion cubic meter
(Bcm) [6]. The water deficit is likely to increase from 28.3 Bem in the year 2000 to
75.4 Bem in 2030. According to projections, a temperature increase of 5 °C will
reduce the snow cover from 170,000 to 33,000 km? in the upland section of
Euphrates and Tigris watersheds. This is expected to reduce the discharge of the
Euphrates and Tigris rivers. An increase in temperature of Jordan by 2—4 °C is
expected to reduce the flow of Azraq River by 1240 % [6].

Desertification

Climatic factors that may lead to desertification in Turkey were investigated by
analysis of the spatial and temporal variations of the precipitation and aridity index
series, for the period of 1930-1993. Severe and widespread dry conditions have
occurred, particularly in 1973, 1977, 1984, 1989, and 1990. Southeastern Anatolia
and the continental interiors of Turkey have been affected by desertification pro-
cesses as a result of deterioration in the climatic factors. Significant trends from
normal to drier conditions in annual precipitation and winter precipitation and
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towards dry subhumid or semiarid climatic conditions have been climatic factors
that lead to desertification in the Mediterranean and Aegean regions of Turkey [16].
Climatic changes impacts were also investigated in the Biiyiik Menderes and Gediz
River basins, and rivers’ runoff trend was analyzed between the year 1960 and 2000.
It was found that the water potency of these rivers was decreased dramatically [17].
Moreover, the salt reserve and water in Salt Lake has decreased between 1987 and
2005 as aresult of a 1 °C increase in temperature between 1993 and 2005 as com-
pared with 1970-1992 [10]. However, The Mesopotamia Basin in Turkey is
expected to suffer more drastically from desertification, since this area receives only
150-300 mm of rainfall annually but experiences 1,500-2,500 mm of evaporation
per year [18].

In addition to changes in climate, the factors that lead to loss of land (i.e., ero-
sion), deforestation, and soil pollution contribute to desertification in Turkey. It is
estimated that 54 % of the forest land and a 59 % of prime agricultural land are
thought to be prone to erosion [19]. The total forest area in Turkey is about 21.2
million ha (27.2 % of total land); however, 49 % of this is estimated to be degraded
and unproductive [20]. On the other hand, Turkey is losing 11,500 ha of her forests
every year with an average of 1,900 fires annually [21].

Desertification is an important threat for the whole Middle East region [5, 6,
12-14]. In Iraq, areas subject to desertification are estimated to exceed to 92 % of
the total surface area. Since 1981, the percentage has increased, and this was partly
due to military operations, which had detrimental effects on the environment includ-
ing plants and the soil [5]. Syria has 25.79 km?® renewable freshwater potential per
year, and the available freshwater amount per capita is estimated to decrease from
an amount of 2.089 m? in 1990 to 546 m? in 2050. In 1955, freshwater availability
as per cubic meter/inhabitant in Lebanon and Syria was 3.084 and 6,501 m?® per
capita, respectively. These values were decreased to 1949 and 2.089 m® in 1990 for
Lebanon and Syria, respectively. The estimated values for years 2025 and 2050 for
Syria are thought to be 1,126 and 960 m?, whereas the corresponding figures for
Lebanon are expected to be 770 and 546 m? for years 2025 and 2050, respectively
[5]. The percentage of desertificated land ranges from 10 % in Syria to nearly 100 %
in the United Arab Emirates. It is estimated that the cost of soil degradation in Syria
is equivalent to about 12 % of the value of the country’s agricultural output. In
Lebanon degradation is reported to be serious on steppe mountainous land [5].

In Iran, the level of annual precipitation has decreased in the southwestern parts
of the Caspian Sea, northwest and west of the country. The amount of degradation
was reported to be 1.5 million ha in the country. If the rate of desertification con-
tinues in the present trend, the amount of affected land for the year 2050 is expected
to be 75 million ha in Iran [13]. Desertification is also expected to be exacer-
bated by climate change in Israel, particularly in the Judean Desert highlands and
the northern Negev [12]. Saudi Arabia is particularly vulnerable to desertification,
as about 76 % of the country’s territory is nonarable lands, of which 38 % is made
up by deserts. The yearly temperature increase is expected to be 0.8-6.0 °C in
the year 2100, and as a result the rate of desertification is expected to rise in this
country [14].
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Consequences of Climate Change and Desertification

Sandstorms and Dust Storms

Arid lands are considered as the significant contributors of dust. The phenomenon
of sand dunes is thought to be one of the most dangerous consequences of desertifi-
cation, due to its negative impact on every vital aspect of life. Sand dunes lead to
increased sandstorms and dust storms, increased soil salinity and water logging, and
widespread rangeland degradation [5]. Sandstorms and dust storms pollute the envi-
ronment and agricultural production by disrupting the physiological functions of
plants, especially during pollination and inflorescence. Sandstorms blow from the
dune fields in central and southern areas of the Middle East region. It has been
reported that their incidence has increased during recent years, and although dust
storms are reported to be most common in the central plain region in Iraq and Syria
[5], they have started to affect all Middle East countries. Studies suggest that Middle
East countries such as Iraq face a severe desertification problem that jeopardizes
their food security through the effects of soil salinity, water logging, loss of vegeta-
tive cover, shifting sand dunes, and severe sandstorms/dust storms [5].

It has been suggested that the introduction and expansion of rain-fed agriculture
in the Syrian steppe led to environmental consequences including formation of dust,
dust storms, sand accumulation on roads and railroads, and formation of sand
sheets, sand hummocks, and sand dunes [5]. Furthermore, dust frequency and inten-
sity are reported to have remarkably increased during the last few years in the east-
ern part of the country. The frequency and amount of sandstorms and dust storms in
Turkey and Lebanon are reported to be less than in Iraq and Syria [5]. However, in
recent years, Turkey, in particular the southeast parts of the country, has faced to
more sandstorms coming from over Syrian and Saharan deserts.

Water Use

According to estimations of population growth rate of Turkey, per capita available,
water was 250 L/day in the year 2000. With the assumption that Turkey will con-
tinue to grow and develop, this amount is expected to increase to 500 L/day in 2030
[22]. The total water requirement for domestic and industrial consumption is pre-
dicted to be 25.3 and 13.2 billion m3, respectively. Per capita of potential water
resources was estimated as 3,070 m*/year in 1990, however; according to climate
change scenarios, the per capita of water potential will be decreased to 700-
1,910 m*/year in 2050. Gross irrigatable area in Turkey is 8.5 million ha, and the
whole of this area will be irrigated by the year 2030. Water requirement for this area
is estimated to be 71.5 billion m*; however, in total consumption, the percentage of
irrigation is expected to drop from 75 to 65 % due to the water shortage [22]
(Table 17.1).
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Table 17.1 Gross total amount and consumable water in Turkey

Rainfall Water amount Gross water potential Exploitable

Surface water (mm) (billion m*/year) (billion m*/year) (billion m*/year)
Turkey 643 501 186 95
From bordering countries 7 3
Groundwater 41 12
Total 234 110

From Sekercioglu CH, Anderson S, Akgay E, et al. Turkey’s globally important biodiversity in
crisis. Biol. Conserv. 2011; 144:2752-2769, with permission

In global-scale assessments, basins are defined as being water-stressed if they
have either per capita water availability below 1,000 m? per year. Middle East is one
of the regions where water-stressed basins are located. The Arab region receives an
estimated 2282 billion m? of rainwater each year compared to estimated 205 billion
m?/year of surface water and 35 billion m*/year of groundwater [6]. Lebanon, Syria,
and southern Sudan receive as much as 1,500 mm of rainfall. Reduced stream flow
and groundwater recharge are expected to decrease water supply 10 % by 2050 [6].
Recent estimates of water resources in Middle East region indicate that total avail-
able natural water resources are 262.8 Bcm, of this; 226.5 Bem is made up by surface
water and 36.3 Bcm by groundwater including 11.874 Bem of nonrenewable ground-
water. Per capita renewable water resources in the region have decreased from
4,000 m? per year (year 1950) to 1,100 m? per year in recent years. The water deficit
is expected to increase from about 28.3 Bem for the year 2000 to 75.4 Bem in the
year 2030 due to climatic and non-climatic factors [6]. Lebanon is one of the richest
countries with water in the Middle East region. The total amount of available water
is 3.992 million cubic meters in Lebanon. According to studies conducted by the
Food and Agriculture Organization of the Nations and by the UNDDP, the irrigated
area of Lebanon is expected to rise to 170.000 ha by 2015 [5]. Syria has 25.79 km?
renewable freshwater potential per year, and the available freshwater amount per
capita is predicted to decrease from 2.089 m? (in the year 1990) to 546 m? in the year
2050 [5]. According to the UNDP Human Development Report 2007/2008, the
Middle East is among the most water-stressed regions of the world [15].

Loss of Biodiversity

The Earth is made up of an ecosystem and ecological features, which are supported
by biodiversity. Higher temperatures may result in a reduction in soil fertility due to
higher rates of decomposition and losses of organic matter and may adversely affect
nutrient cycling. As a result, climate change is expected to cause the loss of biodi-
versity and undermine ecological system. Turkey is considered as one of the richest
countries of Europe and the Middle East with respect to biodiversity. The country
contains 5 % of the plant species found in the continent of Europe. Studies have
reported that there are 163 plant families covering 1,225 types, which in turn cover
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about 9,000 species [18]. Turkey is also reported to be rich as biodiversity with 120
mammals, 400 fishes, 469 bird species, and 130 reptiles. Turkey has 33 % of
endemic species of totally 9,000 plant species. By factors result from climate
changes, of 3,504 endemic plants in Turkey, 12 are reported to be extinct, and 3,492
are considered to be under threat [23].

Iranian habitat supports 8,200 plant species, of which 2,500 are endemic, over
500 species of birds, 160 species of mammals, and 164 species of reptiles [13].
Although no systematic review has been conducted to show linkage between cli-
mate change and biodiversity in Iran, national documents in biodiversity have
addressed that climate change has a negative impact on biodiversity [13]. The
National Syria Strategy for Biodiversity indicates that the country has more than
3,000 animal species and 3,077 species of flowering plants. Syria is considered as a
poor country with respect to its forests, which cover only 3 % of the total land area.
There has also been a decrease in the wooded areas of Jebel Abdel Aziz, Abou
Rajmein, and Balaas mountains, which were in the past ecosystem rich in ecologi-
cal biodiversity [15]. It has also been suggested that desertification, further exacer-
bated by climate change, will widen the desert barrier to be crossed by the birds and
will make Israel less hospitable for migration of the migrants. Many Red Sea spe-
cies have colonized the Mediterranean Sea following migration through the Suez
Canal. With increased warming, more Red Sea immigrants are expected to colonize,
reproduce, and persist in the eastern Mediterranean [12]. In conclusion, the biodi-
versity is expected to further deteriorate due to climate change in the Middle East
region [3].

Human Health

Human health is adversely influenced by the direct and indirect effects of climate
change, and preliminary research has shown climate change has potentially direct and
indirect adverse impacts [24, 25]. Changes in pollen releases impact asthma and aller-
gic rhinitis; heat waves may cause critical care-related diseases; climate-driven air pol-
lution increases may lead to exacerbations of asthma and chronic obstructive pulmonary
disease; desertification increases particulate matter (PM) exposures; and climate-
related changes in food and water security impact infectious disease through malnutri-
tion [24, 25]. Although all countries will be affected by climate change, low-resource
countries including some of the Middle East countries are expected to be more effected
by climate due to low-resource countries often lacking economic resources, having a
close dependence on natural systems for basic food and water provision, and suffering
from inadequate housing, energy, and waste management [25].

Quantifying the full impact of climate change on health is extremely difficult.
This is partly because many modeling techniques are still in their infancy, but partly
because impacts will depend on numerous interacting factors including other envi-
ronmental trends, social resources, and preexisting health status. In the twenty-first
century, the Mediterranean area is expected to be one of the most prominent and
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vulnerable climate change regions that will experience a large number of extremely
hot temperature events, an increase of summer heat wave frequency and duration,
and increasing summer temperature variability [26]. An increase in the frequency
and severity of heat waves is expected to enhance both illness and death rates. Using
models that estimate climate change for the years 2020 and 2050, it is predicted that
summer mortality will increase dramatically; the winter mortality will decrease
slightly, even if people acclimatize to the increased warmth [27].

However, there are only a limited number of studies investigating effects of cli-
mate change on human health [28-33]. During the 2006 California Heat Wave,
emergency visits for heat-related diseases and hospitalization were reported to have
increased statewide. Children (0—4 years of age) and elderly (=65 years of age)
were found to be at the greatest risk. Emergency visits also showed significant
increases for acute renal failure, cardiovascular disease, diabetes, electrolyte imbal-
ance, and nephritis [28]. Al Eskan disease, reported in Military Medicine in 1992,
is a novel and previously unreported condition triggered by the exceptionally fine
sand dust of the central and eastern Saudi Arabian peninsula [29, 30]. It has been
suggested that the mixture of the fine Saudi sand dust and pigeon droppings trig-
gered a hyper-allergic lung condition [29]. It was concluded that sand particles less
than 1 pm (0.1-0.25 pm) in diameter were present in substantial quantities in the
Saudi sand and that these were the cause of the disease. Following the Gulf War in
1990, a similar clinicopathological entity was defined as “Persian Gulf syndrome”
[30]. A wide range of acute and chronic symptoms have included fatigue, musculo-
skeletal pain, cognitive problems, respiratory symptoms, skin rashes, and diarrhea
[31]. It was concluded that exposure to sand particles less than 1 pm also contrib-
uted to pathogenesis of the syndrome, which was associated with the Gulf War fac-
tors [30]. Moreover, recent studies have reported that sandstorms increase
hospitalization of children for asthma exacerbation [32].

It has been suggested that climate change may also lead to increased levels of air
pollutants such as ozone. For example, according to projections made by the North
American Regional Climate Change Assessment Program, an increase of 0.43 ppb
in average ozone concentration is expected for the year 2040 comparing to the year
2000, and this was estimated to correspond to a 0.01 % increase in mortality rate
and 45.2 premature deaths in the study communities attributable to the increase in
future ozone levels [33].

Warmer conditions may lead to increases in the incidence and extent of infec-
tious diseases such as malaria, dengue fever, schistosomiasis, and yellow fever. In
Istanbul, Turkey, leptospirosis cases increased at the warmer periods of April-May—
June, as compared to the cooler period of January—February—March in years 2004—
2006 [17]. Within the last 3 decades, the number of malaria cases was increased in
the two periods of 1977-1987 and 1993-1998 in Turkey, and this was in parallel
with increased temperature [1]. In Iran, leishmaniasis diseases showed an outbreak
during the period of 1995-2005 [13]. Furthermore, leishmaniasis is an endemic
disease in all regions of Syria since nineteenth century, and the World Health
Organization (WHO) classified border areas of the country with Iraq and Turkey as
malarial high-risk areas [15].
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Other consequences of climate change are expected to be the decreases in food
production and increases in the cost that could lead to the risk of widespread malnu-
trition and hunger in the Middle East countries. A rise in sea levels and sea tempera-
tures could also decrease the seafood stocks. Water shortages together with the higher
temperatures may increase the risk of infectious diseases such as cholera, salmonella,
and dysentery [25]. According to climate model scenarios, Iran will experience a
maximum of 1.4 °C increase in temperature during the years 2010-2039, which is
expected to increase the number of hospitalizations for diarrhea and cholera [13].
The loss of biodiversity and temperature changes may possess a risk for allergic air-
way diseases. Hence, a recent study in Turkey evaluated the effects of geo-climatic
factors on the prevalence of allergic disease in a general adult population, and it has
been demonstrated that high temperatures are associated with higher levels of aller-
gens, higher asthma prevalence, longer pollen seasons, and diversity in pollens [34].

Conclusion

Global climate change is a serious problem and has adverse impacts on the environ-
ment and human health. However, some parts of the world such as the Middle East
region suffer more from the detrimental effects of climate change. The region faces
heat waves, water shortage, desertification, dust storms, loss of biodiversity, and
their health consequences at a much severe scale. The resident countries, in addition
to their contribution to the global combat against factors leading to climate changes,
need to take local and regional adaptation and mitigation measures. Furthermore,
more research is needed to understand the scale of the problem and its impacts on
human health.
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Chapter 18
Assessing the Health Risks of Climate Change

Kristie Ebi

Abstract Climate change challenges the assumptions underlying traditional risk
assessment approaches for estimating the health risks of climate change, starting
with the most basic assumption that a defined exposure to a particular agent causes
a specific adverse health outcome. These and other challenges are discussed, fol-
lowed by a description of the process used by the Intergovernmental Panel on
Climate Change to conduct assessments based on expert judgment evaluations of
the literature combined with the collective experience and judgment of the authors.

Keywords Climate change and health ¢ Challenges of traditional risk assessment
* Determinants of health risk ¢ IPCC assessment ® Complexity of health risk evalu-
ation * Climate-sensitive health outcomes

Climate change is altering everyday weather patterns, including changing averages
and extremes of temperature and precipitation; the frequency, intensity, duration,
and spatial extent of some extreme weather and climate events; and sea level [1, 2].
Health impacts can arise from:

e Climate change-related alterations in weather patterns that affect natural and
physical systems that, in turn, affect the number of people at risk of malnutrition;
the geographic range and incidence of vectorborne, zoonotic, and food and
waterborne diseases; and the prevalence of diseases associated with air pollut-
ants and aeroallergens. Additional climate change in coming decades is projected
to significantly increase the number of people at risk of these major causes of ill
health [3].
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* Climate change-related alterations in the frequency, intensity, spatial extent, and
duration of extreme weather events (e.g., heat waves, floods, droughts, and wind-
storms). Each year, these events affect millions of people, damage critical public
health infrastructure, and cause billions of dollars worth of economic losses [2].
The frequency and intensity of some types of extreme weather events are
expected to continue to increase over coming decades as a consequence of cli-
mate change, suggesting that the associated health impacts could increase with-
out additional prevention actions.

* Climate change can affect population health through climate-related migration,
as well as through damage to critical public health infrastructure and livelihoods
by extreme weather events that affect development pathways [4].

Policy and decision-makers, public health and health-care agencies and institu-
tions, and the general public want to understand to what extent these changes could
affect their health and that of their families. Providing the answer is more complex
than for more traditional health risks. This chapter discusses some challenges with
using traditional risk assessment approaches to estimating the health risks of cli-
mate change. It then presents a conceptual approach for thinking about assessing
health risks, followed by a discussion of the process used by the Intergovernmental
Panel on Climate Change (IPCC) to conduct their assessments.

Challenges with Using Traditional Risk Assessment
Approaches to Estimate the Health Risks of Climate Change

Public health has a long history of determining whether an agent presents a risk to
health, where risk is defined as probability times consequence. Methods and tools to
assess whether an agent could harm human health range from the Bradford-Hill crite-
ria [5] to the International Agency for Research on Cancer [6] to toxicological risk
assessments for environmental stressors [7]. At their simplest, these approaches ask
whether this is sufficient information to determine if an agent is a hazard to health and,
if so, to determine exposure-response relationships and to characterize the extent of
human exposures. These are combined, often including safety factors designed to pro-
tect those most vulnerable to adverse impacts, to produce a quantitative or qualitative
statement about the probability and degree of harm to the exposed populations [8].
Climate change challenges the assumptions underlying these traditional
approaches to assessing risk [9]. The challenges start with the basic assumption—
that a defined exposure to a specific agent causes an adverse health outcome to
identifiable exposed populations, with specific groups at particular risk. This implic-
itly assumes the health outcome from an exposure is distinctive, and the association
between immediate cause (e.g., cigarette smoking) and health impact (e.g., lung
cancer) can be determined fairly clearly. Further, studies of the associations are
based on comparing an unexposed, control group to a group with, preferably, quan-
tified levels of exposure, in order to develop quantitative exposure-response
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relationships. Both the assumptions and the types of studies conducted to support
traditional risk assessments do not easily apply to the health risks of climate change.

Any health outcome sensitive to weather and climate could be affected by cli-
mate change, including morbidity and mortality associated with temperature
extremes, other weather- and climate-related extreme events, ground-level ozone,
infectious diseases, malnutrition, and migration [4]. The range of outcomes is
increasing with more research focusing on the health risks of climate change. For
example, ambient temperature may influence survival during gestation, affecting
the sex ratio at birth and male longevity in some regions [10]. In addition, a chang-
ing climate can result in key weather variables crossing thresholds that result in
large changes in the geographic range or incidence of a health outcome. One exam-
ple is the 2004 outbreak of Vibrio parahaemolyticus in Alaska, the leading cause of
seafood-associated gastroenteritis in the USA; outbreaks are typically associated
with the consumption of raw oysters gathered from warm-water estuaries [11]. The
consumption of raw oysters was the only significant predictor of illness. The attack
rate among people who consumed oysters was 29 %. All oysters associated with the
outbreak were harvested when mean daily water temperatures exceeded 15.0 °C
(the theorized threshold for the risk of V. parahaemolyticus illness from the con-
sumption of raw oysters). Between 1997 and 2004, mean water temperatures in July
and August at the implicated oyster farm increased 0.21 °C per year. 2004 was the
first year during which mean daily temperatures did not drop below 15.0 °C. The
outbreak extended by 1,000 km the northernmost documented source of oysters that
caused illness due to V. parahaemolyticus. Anticipating these types of events
requires a better understanding of how weather could affect the incidence and geo-
graphic range of health outcomes, including thresholds.

A further complexity is that multiple weather variables may be associated with a
single health outcome, with the variables varying geographically. The geographic
distributions and seasonal variations of many infectious diseases indicate the poten-
tial importance of weather and seasonal to interannual climate variability in disease
patterns [12]. Temperature, precipitation, and humidity can affect vector survival,
reproduction, development, and biting rates, as well as pathogen reproduction and
development, thus affecting the timing and intensity of outbreaks. Further, the weather
variables of importance can vary geographically. For example, Thomson [13] found
a geographically complex association between malaria incidence and the timing of
the onset and retreat of seasonal rains in Nigeria, with rainfall onset related to the El
Nino Southern Oscillation and the Northern Annular Mode, and retreat related to the
North Atlantic Oscillation and East Pacific or West Pacific circulation index.

Climate-sensitive health outcomes often have many, interrelated causes, of which
weather is only one factor; feedback mechanisms also may be important. The causal
chain between exposure to a pathogen and disease is complex; exposure is necessary but
not sufficient to cause disease. Therefore, weather and climate are often not the primary
drivers of a health outcome, which is not to discount their importance, but to acknowl-
edge the importance of studying health outcomes using systems-based approaches that
include the social, economic, and political factors influencing disease risk.
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Although impact assessments generally state their goal is to evaluate the magni-
tude and extent of the health risks of climate change, nearly all actually assess the
possible impacts of weather and seasonal to interannual variability on health out-
comes today and in the future. Climate change takes place over decades or longer,
affecting local weather patterns differentially across temporal and spatial scales
[14]. For example, as global mean surface temperatures have increased, warming
most parts of the world, some areas cooled [2]. Further, the extent of temperature
increase varied across regions, generally with higher latitudes warming more.

Analyzing relationships between climate change and health outcomes requires
decades long data sets; such data sets are available for meteorological data but are
rare in the health sector. Analyzing these data sets requires selecting a baseline for
comparison because there is no natural baseline in a changing climate. Analyses in
the IPCC fourth Assessment Reports often used 1961-1990 as the baseline, while
acknowledging the climate during that period differed from the climate a century
earlier when greenhouse gas emissions rapidly accelerated with the industrial revo-
lution [15]. A standard approach is to analyze whether there was a statistically sig-
nificant trend in climate and in the outcome of interest from the baseline and then to
determine whether some of the observed changes can be attributed to climate change
[16]. Such detection and attribution studies are rare in the health sector [17].

Determinants of Health Risk of Climate Change

Approaches to assess the possible impacts of climate change typically focus on
identifying communities and places vulnerable to observed or projected changes in
weather patterns and a range of possible adaptation and mitigation options to reduce
risks and increase resilience. One challenge has been that vulnerability is conceptu-
alized differently across and even within sectors [ 18], with some sectors, such as the
health sector, viewing vulnerability as the initial state before considering changing
exposure patterns. Other sectors, such as natural hazards, tend to view vulnerability
as a description related to the residual impacts after considering changes in exposure
and implementation of response options. At their most basic, the various definitions
consider vulnerability to be the propensity or predisposition to be adversely affected
[2]. A large number of factors determine vulnerability, including poverty (although
all poor people are not equally at risk), demographics (although not all population
groups are equally vulnerable to each outcome), wealth and income distribution,
status of the public health infrastructure, access to medical care, behavioral factors,
individual physiological factors, and a wide range of social and cultural factors. A
key message from the IPCC Special Report on Managing the Risks of Extreme
Events and Disasters to Advance Climate Change Adaptation is that vulnerability
can be much more important than climate change in determining impacts [2].
Policies to address these vulnerabilities may have commonalities across regions and
sectors but need to be tailored to specific circumstances. Further, policies need to
balance competing demands, such as water needs across agriculture, other economic
sectors and tourism, urban areas, recreational use, health concerns, and others.
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Therefore, a framework for assessing the health risks of climate change is that the
magnitude and extent of impacts of climate change on the incidence and geographic
range of climate-sensitive health outcomes is a function of the interactions between
exposure(s) to climate change-related alterations in weather patterns (and the impli-
cations of the associated changes, such as changing crop yields) and the vulnerabili-
ties of the exposed human and natural systems (e.g., changing crop yields can have
differential consequences depending on the availability of other food sources).
Exposures are changes in mean and variability of temperature, precipitation, and
other weather variables associated with climate-sensitive health outcomes.

This framing highlights another major challenge to applying traditional risk
assessment approaches to assessing the health risks of climate: the magnitude and
extent of risks depend on the vulnerability of a community or place. Crucially, this
means one exposure-response relationship may not be applicable across all tempo-
ral and spatial scales. A very few examples illustrate the challenge. Heat waves kill
unnecessarily; the extent to which a heat wave is a risk depends on the population
acclimatization to hot weather, the number of previous heat waves that season, the
proportion of the population with increased sensitivity (e.g., older adults, the preva-
lence of diabetes, the proportion using certain drugs), mortality rates the previous
winter, the effectiveness of the local early warning system, etc. [19, 20]. In some
regions of Africa, malaria follows the rains, in others it follows drought [21]. The
same magnitude typhoon hitting Japan will have very different consequences from
one hitting the Philippines [22]. An evaluation of the flood risk in Sri Lanka depends
on the question being asked; storm surges affect coastal regions fairly infrequently,
with large consequences when they do [22]. Inland areas have more frequent and
less intense flooding events that affect more communities and their livelihoods.
Presumably, increased investment in risk reduction activities, from strengthening
housing to moving buildings at particular risk to early warning systems, could
reduce vulnerability over time, so the consequences of a heavy precipitation event
would change over time. National level estimates of vulnerability will average over
very different sets of circumstances that affect local to regional vulnerability.

Finally, climate change may be increasing the probability of not just individual
but also of joint extreme events [2]. The combination of a long-standing drought,
heat wave, and wildfire in Melbourne, Australia had devastating consequences.

Understanding differences in vulnerability is necessary for estimating the possi-
ble health risks of climate change, from which effective and efficient adaptation
options can be designed and implemented [23].

Assessments by the Intergovernmental Panel
on Climate Change

The IPCC conducts periodic assessments of the scientific, technical, and socioeco-
nomic information relevant for understanding anthropogenic climate change, its
potential impacts, and options for mitigation and adaptation. These assessments are
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Fig. 18.1 Peer-reviewed and internationally available scientific technical and socioeconomic lit-
erature, manuscripts made available for IPCC review, and selected non-peer-reviewed literature
produced by other relevant institutions including industry

based on expert judgment evaluation of the literature (peer- and non-peer-reviewed)
combined with the collective experience and judgment of a group of individuals
chosen because of their diverse and relevant expertise (Fig. 18.1) [24]. The chapters
produced are thoroughly reviewed by the worldwide scientific community to ensure
the assessments reflect the literature base.

The United Nations Environment Programme and the World Meteorological
Organization established the IPCC as a unique collaboration between the scientific
community and policymakers, with governments (through their Focal Points) pro-
viding guidance and input at several stages during the process to the scientists con-
ducting an assessment. IPCC reports are mandated to be comprehensive, objective,
and balanced [25]. Additional requirements are to describe different scientific, tech-
nical, and socioeconomic views on a subject and for an assessment to be policy
relevant and policy neutral. The assessments aim to inform national governments
about the most up-to-date scientific thinking and to highlight possible policy options
to address current and projected risks, without promoting one set of options over
another. The members of the IPCC are the world governments.
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When the governments decide to initiate an assessment, the first step is for gov-
ernments to select individuals to lead the three Working Groups (WGs) in the IPCC:
WGTI assesses the science of climate change; WGII assesses impacts, adaptation,
and vulnerability; and WGIII assesses mitigation options. It is the Panel that decides
whether to prepare a report, including its scope, outline, and work plan, in consulta-
tion with the respective WG. Policymakers and other users of [IPCC Reports may be
consulted to identify key policy-relevant issues. For example, the outlines for the
Working Groups contributions to the AR5 were developed during a scoping meet-
ing in Venice, Italy in July 2009 (http://ipcc.ch/meeting_documentation/workshops-
experts-meetings-ar5-scoping.shtml). Participants in the meeting included leading
scientists and government representatives who considered advances in scientific
knowledge since the literature cutoff date for the fourth Assessment Report (early
2006) as well as emerging issues and perspectives. Once an outline is agreed,
Governments and IPCC Observer Organizations are requested to nominate experts
to be coordinating lead authors (CLAs), lead authors (LAs), and review editors
(REs). Author teams were constructed with attention to scientific qualifications, the
needed range of institutional and disciplinary perspective, and adequate regional
and gender balance, while also involving the next generation of climate scientists.

As required by the IPCC Principles and Procedures, there are two reviews of a
report, the Expert Review (First Order Draft) and the Government and Expert
Review (Second Order Draft). These reviews involve hundreds of reviewers who
submit thousands of comments. There were more than 18,000 review comments in
the two review periods for the nine-chapter IPCC Special Report on Managing the
Risks of Extreme Events and Disasters to Advance Climate Change Adaptation,
with a range of several hundred to more than a thousand per chapter per review
period. For the WGII contribution to the AR4, more than 40,000 review comments
were submitted. A requirement of the IPCC process is that authors must provide
written responses to all comments submitted during these review periods; a consid-
erable task. Review Editors, a unique feature of IPCC reports, are involved in the
process starting with the First Order Draft review, representing the reviewers and
ensuring that each comment is considered and appropriately addressed.

The last step in the process for a WG contribution to an assessment cycle is for
the Summary for Policymakers (SPM) to be approved line by line in a Working
Group session. Every sentence in a SPM is discussed and agreed (by consensus)
between the authors who drafted the SPM and governments. Authors and govern-
ments want to ensure the SPM is not only an accurate assessment of the state of
knowledge but also that it communicates key findings clearly in understandable
language to policymakers. When a SPM is approved, the governments then accept
the underlying report [25]. This close and ongoing dialogue at the science-policy
interface ensures an assessment achieves its mandate and requirements and is a
unique feature of IPCC reports. This process was intensively reviewed and endorsed
with some modifications by the InterAcademy Council [26].

Science is only one input into decision-making [27]; policymakers also take into
consideration social and cultural values and perspectives, practical issues (from
technological to political), and other factors when developing and implementing a
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policy. Policies need to be specific to a national (or subnational) context, including
level of development, current and projected vulnerabilities, current and projected
climate variability and change, and many other factors. For example, policies to
enhance food security in a changing climate will depend on a wide range of issues,
such as causes of food insecurity in the region of interest, crops grown, water avail-
ability, transport, trade policies, and others.

IPCC CLAs and LAs are not only experts in their field; they also willingly donate
considerable time and intellect to an IPCC assessment. The letters of invitation to
participate in the WGII contribution to the AR5 estimated that CLAs could expect
to commit approximately 6 months of full-time activity between appointment and
the WGII approval session in 2014; LAs were told to expect approximately 4
months of full-time activity. The time committed is voluntary; the IPCC does not
support the time scientists spend working on an assessment. Steve Schneider fre-
quently referred to the IPCC as his pro bono job. A WG Technical Support Unit
provides support for limited aspects of report development, but not for reviewing
literature and writing text. The IPCC has a Trust Fund that covers travel and per
diem to lead author meetings for authors and review editors from developing coun-
tries and countries with economies in transition. Developed country governments
are expected to cover travel and per diem for their authors and review editors.

WGII author teams generally have two CLAs and six LAs to deliver comprehen-
sive assessments on a broad range of topics. No chapter team has experts for every
issue that will be covered. Many chapters will cite roughly 1,000 references. For exam-
ple, the human health chapter will include topics such as the current burden of climate-
sensitive health outcomes; vulnerability of children and older adults; projected changes
in malnutrition, infectious diseases, emerging zoonotic diseases, and morbidity and
mortality due to extreme weather events; experience with adaptation; costs of action
and of inaction on climate change; and co-benefits of mitigation policies. Therefore,
expertise is drawn from authors on other chapters and from the wider scientific com-
munity through selection of Contributing Authors (CAs). CAs are selected as needed
to write about a specific topic or contribute a case study to illustrate a particular point.

In reporting the key conclusions from their chapter, authors describe the cer-
tainty in those findings using calibrated uncertainty language [28]. This language
aims to facilitate clear communication of the degree of certainty in assessment find-
ings, including findings that span a range of possible outcomes. It also aims to avoid
descriptions of uncertainties using casual terms that may imply different meanings
to different disciplines and/or in different languages.

The process used in the fifth Assessment Report provides authors from all WGs
with a common approach for considering key findings in the assessment process, for
supporting key findings with traceable accounts in the chapters, and for character-
izing the degree of certainty in key findings using two metrics [28]:

» Confidence in the validity of a finding, based on the type, amount, quality, and
consistency of evidence (e.g., mechanistic understanding, theory, data, models,
expert judgment) and the degree of agreement. Confidence is expressed
qualitatively.
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— Evidence and agreement are each categorized on a three-point scale (for nine
combinations). The author team’s evaluation of evidence and agreement pro-
vides the basis for any key finding it develops and also the foundation for
determining the author team’s degree of certainty in those findings. The
description of the author team’s evaluation of evidence and agreement is
called a traceable account. Each key finding presented in a chapter’s Executive
Summary will include reference to the chapter section containing the trace-
able account for the finding.

— When there is sufficient evidence and agreement, they can be synthesized into
one metric to describe a qualitative level of confidence, where level of confi-
dence is designated as very low, low, medium, high, and very high.

* Quantified measures of uncertainty in a finding, such as a probabilistic estimate
of a specific occurrence or range of outcomes. Probabilistic information may
originate from statistical or modeling analyses, expert elicitation of views, or
other quantitative information.

Discussion

Climate change presents a wide range of risks to human health that vary spatially
and temporally. Traditional risk assessment approaches are ill suited to understand-
ing the complex interactions leading to adverse health impacts when exposure is
one of many factors affecting the health burden. At this time, expert judgment pro-
cesses, such as that used by the IPCC, can provide more nuanced understanding of
risks and how they could change over time with changes in climate, development,
and other factors. As the literature base on the health impacts of climate change
expands, meta-analytic and other techniques may be possible that would provide
more robust key findings.

Whatever the approach used to assess the health risks of climate change, the goal
should be to provide information relevant for developing strategies, policies, and
measures to protect the most vulnerable, today and in the future.
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Chapter 19
Federal Programs in Climate Change
and Health Research

Maya Levine and John Balbus

Abstract The federal government plays an integral role in supporting climate
change science and health research in the USA. Federally funded climate change
research initially focused on science to understand climate and earth systems change
during the 1970s and 1980s. Today, federally supported climate change research
involves numerous agencies pursuing a wide range of climate change science topics
and applications, including research exploring the connections between human
health and climate change. Because each federal agency has a different mandate and
range of scientific expertise, the focus and goals of various agencies’ climate change
and human health research vary. For example, the National Oceanic and Atmospheric
Administration (NOAA) emphasizes the use of weather and climate forecasts and
oceanographic data for public health applications, while the National Aeronautics
and Space Administration (NASA) emphasizes health applications of remotely
sensed data from its satellites. This chapter provides a brief history of federally
funded climate research and includes a survey of the relevant agencies, programs,
tools, and datasets to illustrate the diversity of health and climate change research
supported by the federal government.
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