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There is now widespread consensus that the Earth is warming at a rate unprece-
dented during post hunter-gatherer human existence. The last decade was the
warmest since instrumental records began in the nineteenth century, and con-
tained 9 of the 10 warmest years ever recorded. The causes of this change are
increasingly well understood. The Third Assessment Report of the Intergovern-
mental Panel on Climate Change, published in 2001, goes further than its pre-
decessors, stating that “There is new and stronger evidence that most of the warming
observed over the last 50 years is likely to be attributable to human activities”, most
importantly the release of greenhouse gases from fossil fuels.

Stresses on the climate system are already causing impacts on Earth’s surface.
These include not only rising surface temperatures, but also increasingly frequent
floods and droughts, and changes in natural ecosystems, such as earlier flower-
ing of plants, and poleward shifts in the distribution of several species. All of
these changes are inextricably linked to the health of human societies. Climatic
conditions affect human well-being both directly, through the physical effects of
climatic extremes, and indirectly, through influences on the levels of pollution
in the air, on the agricultural, marine and freshwater systems that provide food
and water, and on the vectors and pathogens that cause infectious diseases.

As it is now widely accepted that humans are influencing global climate, deci-
sion makers are now focusing on the type and timing of actions to limit the rate
of change. Attention is shifting to the balance between the possible impacts of
climate change, and the economic costs, technological advances and societal
adaptations that are necessary for mitigation.

International agreements, supported by hard science, are proving effective in
combating wide-ranging environmental threats such as ozone depletion and
long-range transboundary air pollution. Can similar agreements be implemented
to address the more complex risks posed by global climate change? Scientific
analysis in general, and the health sector in particular, need to inform and help
advance ongoing policy discussions. Firstly, the scientific community must
produce rigorous and balanced evidence not only of the breadth and magnitude
of climate change effects, but also of how they are distributed across populations,
and over time. Just and equitable decisions on appropriate responses to climate
change can only be reached by giving consideration to all those affected by policy
actions (or inactions), including future generations. Secondly, as some degree of
continued climate change is now inevitable, it is necessary to identify vulnera-
ble populations, and formulate policies and measures to help them adapt to
changing conditions.

This book, prepared jointly by the World Health Organization, the World
Meteorological Organization and the United Nations Environment Programme,
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x CLIMATE CHANGE AND HUMAN HEALTH

works towards these ends. It provides a comprehensive update of a previous
review, published in 1996. More importantly, it expands the scope of the review
to include quantitative estimates of the total health impacts of climate change.
It lays out the steps necessary to further scientific investigation and to develop
strategies and policies to help societies adapt to climate change. 

Dr Gro Harlem Brundtland Professor G.O.P. Obasi Dr Klaus Töpfer
Director-General Emeritus Secretary General Executive Director
World Health Organization World Meteorological United Nations 

Organization Environment Programme
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Introduction

The long-term good health of populations depends on the continued stability and
functioning of the biosphere’s ecological and physical systems, often referred to
as life-support systems. We ignore this long-established historical truth at our
peril: yet it is all too easy to overlook this dependency, particularly at a time
when the human species is becoming increasingly urbanized and distanced from
these natural systems. The world’s climate system is an integral part of this
complex of life-supporting processes, one of many large natural systems that are
now coming under pressure from the increasing weight of human numbers and
economic activities.

By inadvertently increasing the concentration of energy-trapping gases in the
lower atmosphere, human actions have begun to amplify Earth’s natural green-
house effect. The primary challenge facing the world community is to achieve
sufficient reduction in greenhouse gas emissions so as to avoid dangerous inter-
ference in the climate system. National governments, via the UN Framework
Convention on Climate Change (UNFCC), are committed in principle to seeking
this outcome. In practice, it is proving difficult to find a politically acceptable
course of action—often because of apprehensions about possible short-term 
economic consequences.

This volume seeks to describe the context and process of global climate change,
its actual or likely impacts on health, and how human societies should respond,
via both adaptation strategies to lessen impacts and collective action to reduce
greenhouse gas emissions. As shown later, much of the resultant risk to human
populations and the ecosystems upon which they depend comes from the pro-
jected extremely rapid rate of change in climatic conditions. Indeed, the prospect
of such change has stimulated a great deal of new scientific research over the
past decade, much of which is elucidating the complex ecological disturbances
that can impact on human well-being and health—as in the following example.

The US Global Change Research Program (Alaska Regional Assessment Group)
recently documented how the various effects of climate change on aquatic
ecosystems can interact and ripple through trophic levels in unpredictable ways.
For example, warming in the Arctic region has reduced the amount of sea ice,
impairing survival rates for walrus and seal pups that spend part of their life cycle
on the ice. With fewer seal pups, sea otters have become the alternative food
source for whales. Sea otters feed on sea urchins, and with fewer sea otters sea
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urchin populations are expanding and consuming more of the kelp that provides
breeding grounds for fish. Fewer fish exacerbate the declines in walrus and seal
populations. Overall, there is less food available for the Yupik Eskimos of the
Arctic who rely on all of these species.

Global climate change is thus a significant addition to the spectrum of envi-
ronmental health hazards faced by humankind. The global scale makes for unfa-
miliarity—although most of its health impacts comprise increases (or decreases)
in familiar effects of climatic variation on human biology and health. Traditional
environmental health concerns long have been focused on toxicological or
microbiological risks to health from local environmental exposures. However, in
the early years of the twenty-first century, as the burgeoning human impact on
the environment continues to alter the planet’s geological, biological and eco-
logical systems, a range of larger-scale environmental hazards to human health
has emerged. In addition to global climate change, these include: the health risks
posed by stratospheric ozone depletion; loss of biodiversity; stresses on terrestrial
and ocean food-producing systems; changes in hydrological systems and the sup-
plies of freshwater; and the global dissemination of persistent organic pollutants.

Climate change and stratospheric ozone depletion are the best known of these
various global environmental changes. Human societies, however, have had long
experience of the vicissitudes of climate: climatic cycles have left great imprints
and scars on the history of humankind. Civilisations such as those of ancient
Egypt, Mesopotamia, the Mayans, the Vikings in Greenland and European pop-
ulations during the four centuries of Little Ice Age, all have both benefited and
suffered from nature’s great climatic cycles. Historical analyses also reveal wide-
spread disasters, social disruption and disease outbreaks in response to the more
acute, inter-annual, quasi-periodic ENSO (El Niño Southern Oscillation) cycle
(1). The depletion of soil fertility and freshwater supplies, and the mismanage-
ment of water catchment basins via excessive deforestation, also have con-
tributed to the decline of various regional populations over the millennia (2).

Today, climate scientists predict that humankind’s increasing emission of
greenhouse gases will induce a long-term change in the world’s climate. These
gases comprise, principally, carbon dioxide (mostly from fossil fuel combustion
and forest burning), plus various other heat-trapping gases such as methane
(from irrigated agriculture, animal husbandry and oil extraction), nitrous oxide
and various human-made halocarbons. Indeed, most climate scientists now
suspect that the accumulation of these gases in the lower atmosphere has 
contributed to the strong recent uptrend in world average temperature. In its
Third Assessment Report, published in 2001, the Intergovernmental Panel on
Climate Change (IPCC) stated: “There is new and stronger evidence that most of
the warming observed over the last 50 years is attributable to human activities”
(3).

During the twentieth century, world average surface temperature increased
by approximately 0.6°C (Figure 1.1). There were, of course, natural influences
on world climate during this time. These include an increase in volcanic activity
between 1960 and 1991 (when Mount Pinatubo erupted) which induced a net
negative natural radiative forcing for the last two (up to possibly four) decades;
and a slight overall increase in solar activity in the first half of the century which
may have accounted for around one-sixth of that century’s observed tempera-
ture increase. The twentieth century’s global warming has taken Earth’s average
surface temperature above the centuries-long historical limit of the amplitude of
natural variations.

2 CLIMATE CHANGE AND HUMAN HEALTH



CHAPTER 1. CLIMATE CHANGE AND HEALTH: AN OLD STORY WRIT LARGE 3

The unprecedented prospect of human-induced (rapid) changes to the global
climate has prompted a large international scientific effort to assess the evidence.
The IPCC, established within the UN framework in 1988, was charged with advis-
ing national governments on the causes and processes of climate change; likely
impacts and their associated costs; and ways to lessen the impacts. The IPCC’s
Third Assessment Report (2001) projects an increase in average world surface
temperature ranging from 1.4 to 5.8°C over the course of the twenty-first
century (see Figure 1.1). That estimation, with its wide range, is drawn from a
large number of different global climate models and a range of plausible scenar-
ios of greenhouse gas and sulphate aerosol precursor emissions. Those scenarios
entail different future storylines of demographic, economic, political and tech-
nological change. A temperature increase anywhere within this range would be
much more rapid than any naturally occurring increase that has been experi-
enced by humans since the advent of agriculture, around 10000 years ago.

Recognising the complexity of systems upon which life depends:
an ecological perspective

As a human-generated and worldwide process, global climate change is a qual-
itatively distinct and very significant addition to the spectrum of environmental
health hazards encountered by humankind. Historically, environmental health
concerns have focused on toxicological or microbiological risks to health from
local exposures. However, the scale of environmental health problems is increas-
ing and various larger-scale environmental hazards to human population health
have begun to appear.

Appreciation of this scale and type of influence on human health entails an
ecological perspective. This perspective recognises that the foundations of long-
term good health in populations reside in the continued stability and function-
ing of the biosphere’s life-supporting ecological and physical systems. It also
brings an appreciation of the complexity of the systems upon which we depend
and moves beyond a simplistic, mechanistic, model of environmental health risks
to human health.
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FIGURE 1.1 Global
temperature record, since
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in 1860, and projection for
coming century, according to
Intergovernmental Panel on
Climate Change (3). The wide
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climate system and future human
economic activity and technology
choices. World temperature has
increased by around 0.4 °C since
the 1970s and now exceeds the
upper limit of natural (historical)
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around five-sixths of that recent
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influence.



In simplified diagrammatic fashion, Figure 1.2 illustrates the approximate
chronological succession of environmental hazards, as societies undergo eco-
nomic growth and consequent increases in the scale of human activity and envi-
ronmental impact (4). Historically, on a local scale, category A hazards have
predominated. In the early years of the industrial revolution in Europe much of
the environmental hazard was at household and neighbourhood level. In the
middle decades of the twentieth century developed countries began to reduce
the levels of category B hazards, often via environmental legislation—such as the
clean air acts of European and North American countries.

Today, category C hazards are increasing, reflecting the great pressures that
human societies collectively exert on the biogeophysical systems of this planet.
Carbon dioxide emission is an important example of a category C hazard. Emis-
sion rates increased markedly (around twelve-fold) during the twentieth century,
as worldwide industrialization proceeded and land-use patterns changed at an
accelerating rate.

The scale of environmental health problems has expanded from household
(e.g. indoor air pollution) to neighbourhood (domestic refuse) to community
(urban air pollution) to regional (acid rain) to global level (climate change). This
requires consideration of the “ecological footprint” and how to curtail its size
within the limits of global ecological sustainability. Folke and colleagues have
estimated that the cities around the Baltic Sea require an area of land and sea
surface several hundred times larger than the sum of the areas of the cities them-
selves (5). This large ecological footprint, typical of modern industrialized soci-
eties, comprises the supplies of food, water and raw materials and the
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environmental “sinks” into which urban-industrial metabolic waste is emptied.
The moral dilemma is clear: a world of six billion cannot live at that privileged
level of environmental impact. There simply is not enough world available! A
recent study has estimated that human demands on the biosphere have exceeded
the world’s “biocapacity” since the 1970s, and is currently about 25% beyond
the sustainable capacity of Earth (6).

Further, not only can the actions of one population affect the health of distant
populations—as with the environmental dissemination of chlorinated hydrocar-
bons (persistent organic pollutants: POPs)—but actions today may jeopardise the
well-being and health of future generations. There is already in motion a process
of sea level rise that will continue for many centuries as the extra heat trapped
at Earth’s surface by the human-amplified greenhouse effect progressively enters
the deep ocean water. Similarly, it is likely that the continuing rapid extinction
of populations and species of plants and animals will leave a biotically impover-
ished, less ecologically resilient and less productive world for future generations.

Despite global climate change currently being the most widely discussed of
various recent global environmental changes, there is mounting evidence that
humans, in aggregate, are overloading the planet’s great biogeochemical systems.
This has been well summarised by Vitousek and colleagues:

“Human alteration of Earth is substantial and growing. Between one-third and one-
half of the land surface has been transformed by human action; the carbon dioxide
concentration in the atmosphere has increased by nearly 30% since the beginning of
the Industrial Revolution; more atmospheric nitrogen is fixed by humanity than by
all natural terrestrial sources combined; more than half of all accessible surface fresh
water is put to use by humanity; and about one-quarter of the bird species on Earth
have been driven to extinction. By these and other standards, it is clear that we live
on a human-dominated planet.” (7)

The long history of climatic fluctuations since the end of the last global glacia-
tion around 15000 years ago, along with the evidence of recent temperature rises
and the IPCC’s projected rapid warming in the current century, are summarized
in Figure 1.3. Several of the rises and falls of great civilisations are shown. Note
that the climatic variations before around 1850 essentially were due to natural
forcing processes—cosmological alignments, volcanic activity, solar activity and
so on. Since 1850 there has been an increasing influence via human emission of
greenhouse gases in excess of the biosphere’s capacity to absorb them without
an increase in atmospheric concentration. That more recent period also is shown,
in more detail, in Figure 1.1 above.

Climate change: overview of recent scientific assessments

The latest report from the Intergovernmental Panel on Climate Change (IPCC)
makes several compellingly clear points (8). First, human-induced warming has
apparently begun: the particular pattern of temperature increase over the past
quarter-century has fingerprints that indicate a substantial contribution from the
build-up of greenhouse gases due to human activities. Second, a coherent pattern
of changes in simple physical and biological systems has become apparent across
all continents—the retreat of glaciers, melting of sea ice, thawing of perma-
frost, earlier egg-laying by birds, polewards extension of insect and plant species,
earlier flowering of plants and so on. Third, the anticipated average surface-
temperature rise this century, within the range of 1.4 to 5.8°C, would be a faster
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increase than predicted in the IPCC’s previous major report, in 1996 (9). It is the
rate of change in temperature that will pose a particular stress upon many ecosys-
tems and species. The IPCC also reported that even if humankind manages to
curb excess greenhouse gas emissions within the next half-century, the world’s
oceans will continue to rise for up to 1000 years, reflecting the great inertial
processes as heat is transferred from surface to deep water (10). By that time the
sea level rise would have approximated 1–2 metres.

The estimated rise in average world temperature over the coming century con-
ceals various important details. Anticipated surface temperature increases would
be greater at higher latitudes, greater on land than at sea, and would affect the
daily minimum night-time temperatures more than daily maximum tempera-
tures. Alaska, northern Canada and northern Siberia, for example, could warm
by approximately 5°C during the twenty-first century. Indeed, the temperature
increases that have occurred already above the Arctic Circle have disrupted polar
bear feeding and breeding, the annual migrations of caribou and the network of
telephone poles in Alaska (previously anchored in ice-like permafrost). Global
climate change also would cause rainfall patterns to change with increases over
the oceans but a reduction over much of the land surface—especially in various
low to medium latitude mid-continental regions (central Spain, the US midwest,
the Sahel, Amazonia) and in already arid areas in north-west India, the Middle
East, northern Africa and parts of central America. Rainfall events would tend

6 CLIMATE CHANGE AND HUMAN HEALTH

20 000 10 000 2000 1000 300 100 Now +100

Number of years before present (quasi-log scale)

Te
m

pe
ra

tu
re

 c
ha

ng
e 

(°
C

)

5

4

3

2

1

0

-1

-2

-3

-4

-5

Average temperature over past 10 000 years = 15°C

Agriculture
emerges

Mesopotamia
flourishes

Vikings in
Greenland

Holocene
Optimum Medieval

Warm
Little ice age
in Europe

(15th–18th
centuries)

1940

IPCC (2001) forecast:
+2–3 °C, with band

of uncertainty

End of
last

ice age
Younger
Dryas

21st
century:

very rapid
rise

FIGURE 1.3 Variations in Earth’s average surface temperature, over the past 20000 years.
Prior to 1860, analogue measures of temperature are necessary (tree rings, oxygen isotope ratios in ice
cores and lake sediments, etc.). Note the substantial natural fluctuations throughout the period. Note also
that (with the logarithmic nature of the time axis) the anticipated rate of increase in world temperature
this century is 20–30 times faster than occurred as the planet emerged from the last glaciation, from
around 15000 years ago.



to intensify with more frequent extreme events increasing the likelihood of
flooding and droughts. Regional weather systems, including the great south-west
Asian monsoon, could undergo latitudinal shift.

According to glaciologists there is a slight possibility that large sections of the
Antarctic ice mass would melt, thus raising sea level by several metres. However,
it appears that disintegration did not occur during the warm peak of the last inter-
glacial period around 120000 years ago, when temperatures were 1–2°C higher
than now. Nevertheless, substantial melting of Antarctic ice appears to have
occurred in a previous interglacial, and several large ice-shelves have disinte-
grated in the past two decades (3). Another possibility is that the northern
Atlantic Gulf Stream might weaken and eventually even shut down if increased
melt-water from Greenland disturbs the dynamics of that section of the great,
slow and tortuous “conveyor belt” circulation that distributes Pacific-equatorial
warm water around the world’s oceans (3). North-west Europe, relative to 
same-latitude Newfoundland, currently enjoys 5–7°C of free heating from this
heat-source. If weakening of the Gulf Stream does occur over the coming century
or two, Europe may actually become a little colder even as the rest of the world
warms.

As mentioned earlier in this chapter, global climate change is only one of a
larger set of destabilising large-scale environmental changes that are now under-
way, each of them reflecting the increasing human domination of the ecosphere
(3, 11). These include major global changes such as stratospheric ozone deple-
tion, biodiversity loss, worldwide land degradation, freshwater depletion, and
others such as the disruption of the elemental cycles of nitrogen and sulphur,
and the global dissemination of persistent organic pollutants. All have great con-
sequences for the sustainability of ecological systems: food production; human
economic activities and human population health (12). Figure 1.4 illustrates (in
simplified fashion) how part of this complex of interacting, large-scale environ-
mental changes impinges on human health. Many of the pathways would of
course be modulated by cultural and technological characteristics of human soci-
eties. That is, local populations vary in their vulnerability to these potential
impacts.

There is growing realization that the sustainability of population health must
be a central consideration in the public discourse on how human societies can
make the transition to sustainable development (13, 14). Hence, public, policy-
makers and other scientists have an increasing interest in hearing from popula-
tion health researchers, moving towards a view of population health as an
ecological entity: an index of the success of longer-term management of social
and natural environments (15). Indeed this recognition will assist in altering
social and economic practices and priorities, to avert or minimize the occurrence
of global environmental changes and their adverse impacts.

Change in world climate would influence the functioning of many ecosystems
and the biological health of plants and creatures. Likewise, there would be health
impacts on human populations, some of which would be beneficial. For example,
milder winters would reduce the seasonal winter-time peak in deaths that occurs
in temperate countries, while in currently hot regions a further increase in 
temperatures might reduce the viability of disease-transmitting mosquito popu-
lations. Overall, scientists consider that most of the health impacts of climate
change would be adverse (16, 17). This assessment will be greatly enhanced by
the accrual of actual evidence of early health impacts which epidemiologists
anticipate will emerge over the coming decade.
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Human health Conflict

Stratospheric
ozone depletion
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Biodiversity
loss and ecosystem

function
Freshwater decline

Diverse pathways
Agroecosystem productivity
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Declines in phenotypic,
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diverse ‘goods and services’

Altered precipitation

Climate change

FIGURE 1.4 Interrelationships between major types of global environmental
change, including climate change. Note that all impinge on human health and—though
not shown here explicitly—there are various interactive effects between jointly acting
environmental stresses. The diverse pathways by which climate change affects health are the
subjects of much of the remainder of this volume.

In the meantime, it is instructive to look back over the centuries and begin to
understand how climatic changes and events can affect human well-being and
health. This is a long and continuing story.

Climate and human health: an ancient struggle

Whoever wishes to investigate medicine properly, should proceed thus: in the first
place to consider the seasons of the year, and what effects each of them produces, for
they are not all alike, but differ much from themselves in regard to their changes.

Hippocrates, in Airs, Waters, and Places (18)

Recognition that human health can be affected by a wide range of ecological dis-
ruptions, consequent upon climate change, is a recent development, reflecting
the breadth and sophistication of modern scientific knowledge. Nevertheless, the
simpler idea that human health and disease are linked to climate probably pre-
dates written history.

The Greek physician Hippocrates (about 400 BC) related epidemics to seasonal
weather changes, writing that physicians should have “due regard to the seasons
of the year, and the diseases which they produce, and to the states of the wind
peculiar to each country and the qualities of its waters” (18). He exhorts them
to take note of “the waters which people use, whether they be marshy and soft,
or hard and running from elevated and rocky situations, and then if saltish and
unfit for cooking,” and to observe “the localities of towns, and of the surround-
ing country, whether they are low or high, hot or cold, wet or dry . . . and of the
diet and regimen of the inhabitants”.



Two thousand years later, Robert Plot, Secretary to the newly-founded Royal
Society in England, took weather observations in 1683–84 and noted that if the
same observations were made “in many foreign and remote parts at the same
time” we would “probably in time thereby learn to be forewarned certainly of
divers emergencies (such as heats, colds, deaths, plagues, and other epidemical
distempers)”.

Between these times, countless climatic disasters befell communities and pop-
ulations around the world, leading variously to starvation, infectious disease, social
collapse and the disappearance of whole populations. One such is the mysterious
demise of the Viking settlements in Greenland in the fourteenth and fifteenth cen-
turies, as temperatures in and around Europe began to fall. Established during the
Medieval Warm Period during the tenth century AD (see Figure 1.3), these cul-
turally conservative, livestock dependent, settlements could not cope with the 
progressive deterioration in climate that occurred from the late Middle Ages. 
Food production declined and food importation became more difficult as sea ice
persisted. To compound matters, the native Inuit population in Greenland was
pressing southwards, probably in response to the ongoing climate change. The
Viking settlements eventually died out or were abandoned in the fourteenth
(Western Settlement) and fifteenth centuries (Eastern Settlement) (19).

Historical accounts abound of acute famine episodes occurring in response to
climatic fluctuations. Throughout pre-industrial Europe, diets were marginal
over many centuries; the mass of people survived on monotonous diets of veg-
etables, grain gruel and bread. A particularly dramatic example in Europe was
the great medieval famine of 1315–17. Climatic conditions were deteriorating
and the cold and soggy conditions led to widespread crop failures, food price
rises, hunger and death. Social unrest increased, robberies multiplied and bands
of desperate peasants swarmed over the countryside. Reports of cannibalism
abounded from Ireland to the Baltic. Animal diseases proliferated, contributing
to the die-off of over half the sheep and oxen in Europe. This tumultuous event
and the Black Death which followed thirty years later, are deemed to have con-
tributed to the weakening and dissolution of feudalism in Europe.

Over these and the ensuing centuries, average daily intakes were less than
2000 calories, falling to around 1800 calories in the poorer regions of Europe.
This permanent state of dietary insufficiency led to widespread malnutrition, sus-
ceptibility to infectious disease and low life expectancy. The superimposed fre-
quent famines inevitably culled the populations, often drastically. In Tuscany,
between the fourteenth and eighteenth centuries there were over 100 years of
recorded famine. Meanwhile in China, where the mass rural diet of vegetables
and rice accounted for an estimated 98% of caloric intake, between 108 BC and
1910 AD there were famines that involved at least one province in over 90% of
years (20).

Food shortages are never due to climate extremes alone; the risk of famine
depends also on many social and political factors. For example, a strong El Niño
event in 1877 caused failure of the monsoon rains in south and central India
(21). However, the intense famine that resulted, which caused somewhere
between 6 and 10 million deaths, was only partly due to the drought. There was
no shortage of food in India at this time (grain exports to the United Kingdom
of Great Britain and Ireland reached an all time high in 1877), but a large pro-
portion of the Indian population was unable to access food reserves, or to find
alternative sources when their usual crops failed. There were many reasons for
this. Under the British Raj, common lands that previously provided sustenance

CHAPTER 1. CLIMATE CHANGE AND HEALTH: AN OLD STORY WRIT LARGE 9



in times of hardship had been converted to (taxable) private property. Local
economies had been impoverished by punitive tariff schemes that favoured
imported United Kingdom goods over local products. Aided by the expansion of
the railways, community-controlled reserves of food had been replaced by
remote stockpiles but there were no moral or regulatory controls over specula-
tion. Because of these and other factors at the end of the nineteenth century
many people in India were more vulnerable to adverse effects of drought than
ever before.

In the light of this varied (often dramatic) history of the climate-society rela-
tionship, it is not surprising that scientists foresee a range of health impacts of a
change in global climatic conditions. These will be explored in detail later in this
volume. However, the following overview of the potential health impacts of
climate change will orient the reader to that later assessment.

Potential health impacts of climate change

Global climate change would affect human health via pathways of varying com-
plexity, scale and directness and with different timing. Similarly, impacts would
vary geographically as a function both of environment and topography and of
the vulnerability of the local population. Impacts would be both positive and neg-
ative (although expert scientific reviews anticipate predominantly negative). This
is no surprise since climatic change would disrupt or otherwise alter a large range
of natural ecological and physical systems that are an integral part of Earth’s life-
support system. Via climate change humans are contributing to a change in the
conditions of life on Earth.

The main pathways and categories of health impact of climate change are
shown in Figure 1.5.
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FIGURE 1.5 Pathways by which climate change affects human health, including
local modulating influences and the feedback influence of adaptation measures.
Source: adapted from Patz et al., 2000 (22).



The more direct impacts on health include those due to changes in exposure
to weather extremes (heatwaves, winter cold); increases in other extreme
weather events (floods, cyclones, storm-surges, droughts); and increased pro-
duction of certain air pollutants and aeroallergens (spores and moulds).
Decreases in winter mortality due to milder winters may compensate for
increases in summer mortality due to the increased frequency of heatwaves. 
In countries with a high level of excess winter mortality, such as the United
Kingdom, the beneficial impact may outweigh the detrimental (23, 24). The
extent of change in the frequency, intensity and location of extreme weather
events due to climate change remains uncertain.

Climate change, acting via less direct mechanisms, would affect the transmis-
sion of many infectious diseases (especially water, food and vector-borne dis-
eases) and regional food productivity (especially cereal grains). In the longer term
and with considerable variation between populations as a function of geography
and vulnerability, these indirect impacts are likely to have greater magnitude
than the more direct (25, 26).

For vector-borne infections, the distribution and abundance of vector organ-
isms and intermediate hosts are affected by various physical (temperature, pre-
cipitation, humidity, surface water and wind) and biotic factors (vegetation, host
species, predators, competitors, parasites and human interventions). Various inte-
grated modelling studies have forecast that an increase in ambient temperature
would cause, worldwide, net increases in the geographical distribution of par-
ticular vector organisms (e.g. malarial mosquitoes) although some localised
decreases also might occur. Further, temperature related changes in the life-cycle
dynamics of both the vector species and the pathogenic organisms (flukes, pro-
tozoa, bacteria and viruses) would increase the potential transmission of many
vector-borne diseases such as malaria (mosquito), dengue fever (mosquito) and
leishmaniasis (sand-fly)—although schistosomiasis (water-snail) may undergo a
net decrease in response to climate change (27, 28).

Recently, there has been considerable effort in developing mathematical
models for making such projections. The models in current use have well recog-
nised limitations—but have provided an important start. For example, from com-
puter multiple modelling studies it seems likely that malaria will significantly
extend its geographical range of potential transmission and its seasonality during
the twenty-first century as average temperatures rise (29).

Allowing for future trends in trade and economic development, modelling
studies have been used to estimate the impacts of climate change upon cereal
grain yields (which account for two-thirds of world food energy). Globally, a
slight downturn appears likely but this would be greater in already food-
insecure regions in south Asia, parts of Africa and central America. Such down-
turns would increase the number of malnourished people by several tens of mil-
lions in the world at large—that is, by at least several per cent against a current
and projected total, without climate change, of between four and eight hundred
million.

By reflecting the increased retention of heat energy in the lower atmosphere,
global warming also affects the atmospheric heat budget so as to increase the
cooling of the stratosphere (30). Should this cooling persist, the process of 
ozone depletion could continue even after chlorine and bromine loading (by
human emission of ozone-destroying gases) starts to decline. If so, the potential
health consequences of stratospheric ozone depletion (increase in incidence of
skin cancer in fair-skinned populations; eye lesions such as cataracts; and,
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perhaps, suppression of immune activity) would become an issue for climate
change.

It is likely that climatic change over the past quarter-century has had various
incremental impacts on at least some health outcomes. However, the time at
which any such health impacts of climate change first become detectable par-
ticularly depends upon, firstly, the sensitivity of response (how steep is the rate
of increase) and, secondly, whether there is a threshold that results in a “step
function”. Further, detectability is influenced by the availability of high-quality
data and the extent of background variability in the health-related variable under
investigation. Detection is a matter of both statistical power and reasonable
judgement about attribution. The former depends on numbers of observations
and the extent of divergence between observed and expected rates or magni-
tudes of health outcomes. The latter includes pattern recognition: if a particular
infectious disease undergoes changes in occurrence in multiple geographical 
locations, each in association with local changes in climate, it is more certain to
be due to climatic influence than if such a change occurs in just one setting.

The first detectable changes in human health may well be alterations in the
geographical range (latitude and altitude) and seasonality of certain vector-borne
infectious diseases. Summertime food-borne infections (e.g. salmonellosis) 
may show longer-lasting annual peaks. There has been debate, as yet unresolved,
over whether recent increases of malaria and dengue in highland regions around
the world may be due to climate factors or to the several other factors that are
known to be significant determinants of transmission. There are several other
categories of likely early impact. Hot weather would amplify the production of
noxious photochemical smog in urban areas and warmer summers would
increase the incidence of food poisoning. By contrast, the public health conse-
quences of the disturbance of natural and managed food-producing ecosystems,
rising sea levels and population displacement for reasons of physical hazard, land
loss, economic disruption and civil strife, may not become evident for several
decades.

Population vulnerability and adaptive responses

Human populations, as with individuals, vary in their vulnerability to certain
health outcomes. A population’s vulnerability is a joint function of, first, the
extent to which a particular health outcome is sensitive to climate change and,
second, the population’s capacity to adapt to new climatic conditions. The vul-
nerability of a population depends on factors such as population density, level of
economic development, food availability, income level and distribution, local
environmental conditions, pre-existing health status and the quality and avail-
ability of public health care (32).

Adaptation refers to actions taken to lessen the impact of (anticipated) climate
change. There is a hierarchy of control strategies that can help to protect popu-
lation health. These strategies are categorised as: administrative or legislative,
engineering, personal-behavioural. Legislative or regulatory action can be taken
by government, requiring compliance by all or designated classes of persons.
Alternatively, adaptive action may be encouraged on a voluntary basis, via advo-
cacy, education or economic incentives. The former type of action would nor-
mally be taken at a supranational, national or community level; the latter would
range from supranational to individual levels. Adaptation strategies will be either
reactive, in response to climate impacts, or anticipatory, in order to reduce 
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BOX 1.1 Health impacts of other types of global environmental change

Global climate change is part of a larger set of global environmental changes. As shown in Figure 1.4,
these changes influence one another and often exert interactive impacts when acting in concert.

Stratospheric ozone depletion
Depletion of stratospheric ozone by human-made gases such as chlorofluorocarbons has been occur-
ring over recent decades and is likely to peak around 2020. Ambient ground-level ultraviolet irradia-
tion is estimated to have increased consequently by up to 10% at mid-to-high latitudes over the past
two decades. Scenario-based modelling that integrates the processes of emissions accrual, ozone
destruction, UVR flux and cancer induction, indicates that European and United States’ populations
will experience 5–10% excess in skin cancer incidence during the middle decades of the twenty-first
century. If climate change and consequent stratospheric cooling delay the recovery of protective
ozone, there will be greater numbers of excess skin cancers.

Biodiversity loss and invasive species
Increasing human demand for space, materials and food leads to increasingly rapid extinction of pop-
ulations and species of plants and animals. An important consequence for humans is the disruption
of ecosystems that provide “nature’s goods and services”. Biodiversity loss also means the loss, before
discovery, of many natural chemicals and genes, others of which have conferred enormous medical
and health improvement benefits. Myers estimates that five-sixths of tropical vegetative nature’s 
medicinal goods have yet to be recruited for human benefit (31).

Meanwhile, “invasive” species are spreading worldwide into new non-natural environments via intensi-
fied human food production, commerce and mobility.The resultant changes in regional species compo-
sition have myriad consequences for human health. For example: the choking spread of water hyacinth
in eastern Africa’s Lake Victoria, introduced from Brazil as a decorative plant, is now a breeding ground
for the water snail that transmits schistosomiasis and for the proliferation of diarrhoeal disease organisms.

Impairment of food-producing ecosystems
Increasing pressures of agricultural and livestock production are stressing the world’s arable lands and
pastures. At the start of the twenty-first century an estimated one-third of the world’s previously
productive land is seriously damaged: by erosion, compaction, salination, waterlogging and chemicals
that destroy organic content. Similar pressures on the world’s ocean fisheries have left most of them
severely depleted or stressed. Almost certainly an environmentally benign and socially acceptable way
of using genetic engineering to increase food yields must be found in order to produce sufficient food
for another three billion persons (with higher expectations) over the coming half century.

Allowing for future trends in trade and economic development, modelling studies have estimated that
climate change would cause a slight downturn globally of around 2–4% in cereal grain yields (which
represent two-thirds of world food energy). The estimated downturn in yield would be considerably
greater in the food-insecure regions in South Asia, the Middle East, North Africa and Central America.

Other global environmental changes
Freshwater aquifers in all continents are being depleted of their ancient fossil water supplies. Agri-
cultural and industrial demand amplified by population growth often greatly exceeds the rate of natural
recharge. Water-related political and public health crises loom in some regions within decades.

Various semi-volatile organic chemicals (such as polychlorinated biphenyls) are now disseminated
worldwide via a sequential distillation process in the cells of the lower atmosphere, thereby trans-
ferring chemicals from their usual origins in low to mid latitudes to high, indeed polar, latitudes.
Consequently, increasingly high levels are occurring in polar mammals and fish and the traditional
human groups that eat them. Clearly chemical pollution is no longer just an issue of local toxicity.



vulnerability. Adaptation can be undertaken at the international/national, com-
munity and individual level—that is, at macro, meso and micro-levels.

The reduction of socioeconomic vulnerability remains a priority. The poor (and
especially the very young and old) are likely to be at greatest health risk because
of their lack of access to material and information resources. Long-term reduc-
tion in health inequalities will require income redistribution, full employment,
better housing and improved public health infrastructure. There must be
improvement in services with a direct impact on health such as primary care,
disease control, sanitation and disaster preparedness and relief. The vulnerabil-
ity of the poor may jeopardise the well-being of more advantaged members of
the same population. Examples of spillover effects include spread of infectious
diseases from primary foci in poor populations and the opportunity cost of public
services committed to dealing with problems related to disadvantage.

Improved environmental management of health-supporting ecosystems (e.g.
freshwater resources, agricultural areas) would reduce the adverse health
impacts of climate change. A good example is the control of water-borne 
infections. In many areas increased density of rainfall is likely to lead to more
frequent occurrence of significant human infections such as giardiasis and 
cryptosporidiosis. Traditional public health interventions that focus entirely on
personal hygiene and food safety have limited effectiveness. A broader approach
would consider the interactions between climate, vegetation, agricultural prac-
tices and human activity—and would result in recommendations for the type,
time and place of “upstream” public health interventions such as changes in 
management of water catchment areas.

The maintenance of national public health infrastructure is a crucial element in
determining levels of vulnerability and adaptive capacity. The 1990s witnessed the
resurgence of several major diseases once thought to have been controlled such as
tuberculosis, diphtheria and sexually-transmitted diseases. The major causes were
deteriorating public health infrastructure (especially the vaccination programme)
as well as socioeconomic instability and population movement (33). Elementary
adaptation to climate change can be facilitated by improved monitoring and sur-
veillance systems. Basic indices of population health status (e.g. life expectancy)
are available for most countries. However, disease (morbidity) surveillance varies
widely depending on locality and the specific disease. To monitor disease inci-
dence/prevalence—which may often provide a sensitive index of impact—low-
cost data from primary care facilities could be collected in sentinel populations.

Such top-down approaches should be widely supplemented by adaptation at
the community and individual levels. These would include local environmental
management, urban design, public education, neighbourhood alert and assis-
tance schemes, and individual behavioural changes. When implementing adap-
tation technologies care must be taken to prevent adverse secondary impacts 
(via maladaptation) that is, new health hazards created by the application of tech-
nologies. For example, conventional air-conditioning systems can increase the
urban heat-island effect and might even exacerbate climate change itself. Water
development projects can have significant effects on the local transmission of
parasitic diseases including malaria, lymphatic filariasis and schistosomiasis.

Conclusions

Over the ages human societies have degraded or changed local ecosystems and
modified regional climates. Without precedent, the aggregate human impact now
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has attained a global scale, reflecting the recent rapid increase in population size
and energy-intensive, high-throughput, mass consumption. The world popula-
tion is encountering unfamiliar human-induced changes in the lower and middle
atmospheres and worldwide depletion of various other natural systems (e.g. soil
fertility, aquifers, ocean fisheries and biodiversity in general). Despite early recog-
nition that such changes would affect economic activities, infrastructure and
managed ecosystems, there has been less awareness that such large-scale envi-
ronmental change would weaken the supports for healthy life. Fortunately that
is now beginning to change. Indeed, this volume seeks to present a comprehen-
sive discussion of the relationship between global climate change and human
population health.

Global climate change is likely to change the frequency of extreme weather
events: tropical cyclones may increase as sea surface waters warm; floods may
increase as the hydrological cycle intensifies; and heatwaves may increase in mid-
continental locations. As discussed in detail in later chapters, a change in the fre-
quency and intensity of heatwaves and cold spells would affect seasonal patterns
of morbidity and mortality. The production of various air pollutants and of aller-
genic spores and pollens would be affected by warmer and wetter conditions.
Climate change also is expected to affect health via various indirect pathways,
including the patterns of infectious diseases; the yield of food-producing systems
on land and at sea; the availability of freshwater; and, by contributing to bio-
diversity loss, may destabilize and weaken the ecosystem services upon which
human society depends.

Adaptations to the health hazard posed by global climate change can be both
proactive and reactive, and can occur at the macro, meso and micro-scales; that
is, at the population, community and individual levels. Climate change repre-
sents a one-off global experiment so there will be limited opportunity to carry
out preliminary evaluation of adaptation options. There is therefore a strong case
for prudence, both in mitigating climate change and in adapting to its impacts.

This topic is likely to become a major theme in population health research,
social policy development and advocacy during this first decade of the twenty-
first century. Indeed, consideration of global climatic-environmental hazards to
human population health will play a central role in the sustainability transition
debate.
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Introduction

Research on the potential health effects of weather, climate variability and
climate change requires understanding of the exposure of interest. Although
often the terms weather and climate are used interchangeably, they actually 
represent different parts of the same spectrum. Weather is the complex and 
continuously changing condition of the atmosphere usually considered on a
time-scale from minutes to weeks. The atmospheric variables that characterize
weather include temperature, precipitation, humidity, pressure, and wind speed
and direction. Climate is the average state of the atmosphere, and the associated
characteristics of the underlying land or water, in a particular region over a par-
ticular time-scale, usually considered over multiple years. Climate variability is
the variation around the average climate, including seasonal variations as well
as large-scale variations in atmospheric and ocean circulation such as the El
Niño/Southern Oscillation (ENSO) or the North Atlantic Oscillation (NAO).
Climate change operates over decades or longer time-scales. Research on the
health impacts of climate variability and change aims to increase understanding
of the potential risks and to identify effective adaptation options.

Understanding the potential health consequences of climate change requires
the development of empirical knowledge in three areas (1):

1. historical analogue studies to estimate, for specified populations, the risks of
climate-sensitive diseases (including understanding the mechanism of effect)
and to forecast the potential health effects of comparable exposures either in
different geographical regions or in the future;

2. studies seeking early evidence of changes, in either health risk indicators or
health status, occurring in response to actual climate change;

3. using existing knowledge and theory to develop empirical-statistical or bio-
physical models of future health outcomes in relation to defined climate 
scenarios of change.

The exposures of interest in these studies may lie on different portions of the
weather/climate spectrum. This chapter provides basic information to understand
weather, climate, climate variability and climate change, and then discusses some
analytical methods used to address the unique challenges presented when study-
ing these exposures.
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The climate system and greenhouse gases

Earth’s climate is determined by complex interactions among the Sun, oceans,
atmosphere, cryosphere, land surface and biosphere (shown schematically in
Figure 2.1). These interactions are based on physical laws (conservation of mass,
conservation of energy and Newton’s second law of motion). The Sun is the prin-
cipal driving force for weather and climate. The Sun’s energy is distributed
unevenly on Earth’s surface due to the tilt of Earth’s axis of rotation. Over the
course of a year, the angle of rotation results in equatorial areas receiving more
solar energy than those near the poles. As a result, the tropical oceans and land
masses absorb a great deal more heat than the other regions of Earth. The atmos-
phere and oceans act together to redistribute this heat. As the equatorial waters
warm air near the ocean surface, it expands, rises (carrying heat and moisture
with it) and drifts towards the poles; cooler denser air from the subtropics and
the poles moves toward the equator to take its place.

This continual redistribution of heat is modified by the planet’s west to east
rotation and the Coriolis force associated with the planet’s spherical shape, giving
rise to the high jet streams and the prevailing westerly trade winds. The winds,
in turn, along with Earth’s rotation, drive large ocean currents such as the Gulf
Stream in the North Atlantic, the Humboldt Current in the South Pacific, and
the North and South Equatorial Currents. Ocean currents redistribute warmers
waters away from the tropics towards the poles. The ocean and atmosphere
exchange heat and water (through evaporation and precipitation), carbon
dioxide and other gases. By its mass and high heat capacity, the ocean moder-
ates climate change from season to season and year to year. These complex,
changing atmospheric and oceanic patterns help determine weather and climate.

Five layers of atmosphere surround Earth, from surface to outer space. The
lowest layer (troposphere) extends from ground level to 8–16km. The height
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varies with the amount of solar energy reaching Earth; it is lowest at the poles
and highest near the equator. On average, air temperature in the troposphere
decreases 7°C for each kilometre increase in altitude, as atmospheric pressure
decreases. The troposphere is the level where the weather that affects the surface
of Earth develops. The level at which temperature stops decreasing with height
is called the tropopause, and temperatures here can be as low as -58°C. The next
layer (stratosphere) extends from the tropopause to about 50km above the
surface, with temperatures slowly increasing to about 4°C at the top. A high con-
centration of ozone occurs naturally in the stratosphere at an altitude of about
24km. Ozone in this region absorbs most of the Sun’s ultraviolet rays that would
be harmful to life on Earth’s surface. Above the stratosphere are three more
layers (mesosphere, thermosphere and exosphere) characterized by falling, then
rising, temperature patterns.

Overall, the atmosphere reduces the amount of sunlight reaching Earth’s
surface by about 50%. Greenhouse gases (including water vapour, carbon
dioxide, nitrous oxide, methane, halocarbons, and ozone) compose about 2% of
the atmosphere. In a clear, cloudless atmosphere they absorb about 17% of the
sunlight passing through it (3). Clouds reflect about 30% of the sunlight falling
on them and absorb about 15% of the sunlight passing through them. Earth’s
surface absorbs some sunlight and reradiates it as long-wave (infrared) radiation.
Some of this infrared radiation is absorbed by atmospheric greenhouse gases and
reradiated back to Earth, thereby warming the surface of Earth by more than
would be achieved by incoming solar radiation alone. This atmospheric green-
house effect is the warming process that raises the average temperature of Earth
to its present 15°C (Figure 2.2). Without this warming, Earth’s diurnal temper-
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FIGURE 2.2 The greenhouse effect. Source: reproduced from reference 4.



ature range would increase dramatically and the average temperature would be
about 33°C colder (3). Changes in the composition of gases in the atmosphere
alter the intensity of the greenhouse effect. This analogy arose because these
gases have been likened to the glass of a greenhouse that lets in sunlight but
does not allow heat to escape. This is only partially correct—a real greenhouse
elevates the temperature not only by the glass absorbing infrared radiation, but
also by the enclosed building dramatically reducing convective and advective
losses from winds surrounding the building. Yet the misnomer persists.

For Earth as a whole, annual incoming solar radiation is balanced approxi-
mately by outgoing infrared radiation. Climate can be affected by any factor that
alters the radiation balance or the redistribution of heat energy by the atmos-
phere or oceans. Perturbations in the climate system that cause local to global
climate fluctuations are called forcings. This is short for radiative forcing which
can be considered a perturbation in the global radiation (or energy) balance due
to internal or external changes in the climate system. Some forcings result from
natural events: occasional increases in solar radiation make Earth slightly warmer
(positive forcing), volcanic eruptions into the stratosphere release aerosols that
reflect more incoming solar radiation causing Earth to cool slightly (negative
forcing). Characterization of these forcing agents and their changes over time is
required to understand past climate changes in the context of natural variations
and to project future climate changes. Other factors, such as orbital fluctuations
and impacts from large meteors, also influenced past natural climate change.

Anthropogenic forcing results from the gases and aerosols produced by fossil
fuel burning and other greenhouse gas emission sources, and from alterations in
Earth’s surface from various changes in land use, such as the conversion of forests
into agricultural land. Increases in the concentrations of greenhouse gases will
increase the amount of heat in the atmosphere. More outgoing terrestrial radi-
ation from the surface will be absorbed, resulting in a positive radiative forcing
that tends to warm the lower atmosphere and Earth’s surface. The amount of
radiative forcing depends on the size of the increase in concentration of each
greenhouse gas and its respective radiative properties (5).

The usual unit of measure for climatic forcing agents is the energy perturba-
tion introduced into the climate system (measured in watts per square metre).
A common way of representing the consequences of such forcings for the climate
system is in the change in average global temperature. The conversion factor
from forcing to temperature change is the sensitivity of the climate system (5).
This sensitivity is commonly expressed in terms of the global mean temperature
change that would be expected after a time sufficient for both atmosphere and
ocean to come to equilibrium with the change in climate forcing. Climate feed-
backs influence climate sensitivity; the responses of atmospheric water vapour
concentration and clouds probably generate the most important feedbacks (6).
The nature and extent of these feedbacks give rise to the largest source of uncer-
tainty about climate sensitivity.

When radiative forcing changes (positively or negatively), the climate system
responds on various time-scales (5). The longest may last for thousands of years
because of time lags in the response of the cryosphere (e.g. sea ice, ice sheets)
and deep oceans. Changes over short (weather) time-scales are due to alterations
in the global hydrological cycle and short-lived features of the atmosphere such
as locations of storm tracks, weather fronts, blocking events and tropical cyclones,
which affect regional temperature and precipitation patterns. Greenhouse gases
that contribute to forcing include: water vapour, carbon dioxide, nitrous oxide,
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methane and ozone. Aerosols released in fossil fuel burning also influence
climate by reflecting solar radiation.

In addition to adding greenhouse gases and aerosols to the atmosphere, other
anthropogenic activities affect climate on local and regional scales. Changes in
land use and vegetation can affect climate over a range of spatial scales. Vegeta-
tion affects a variety of surface characteristics such as albedo (reflectivity) and
roughness (vegetation height), as well as other aspects of the energy balance of
the surface through evapotranspiration. Regional temperature and precipitation
can be influenced because of changes in vegetation cover. A modelling study by
Pielke et al. estimated that loss of vegetation in the South Florida Everglades over
the last century decreased rainfall in the region by about 10% (7). Bonan demon-
strated that the conversion of forests to cropland in the United States resulted in
a regional cooling of about 2°C (8). There is concern that deforestation induced
drought may be occurring in the Amazon and other parts of the tropics (9).
However, recent evidence suggests that deforestation and interannual climate
fluctuations interact in a non-linear manner such that the response of Amazon
rainfall to deforestation also depends on the phase of the El Niño/Southern Oscil-
lation (ENSO) cycle (10). In some transition regions there may be more, not less,
precipitation from deforestation. Another land-use impact is the urban heat
island wherein cities can be up to 12°C warmer than surrounding areas due to
the extra heat absorbed by asphalt and concrete, and by the relative lack of veg-
etation to promote evaporative cooling (6).

Water vapour is the major greenhouse gas, contributing a positive forcing ten
times greater than that of the other gases. Clouds (condensed water) produce
both positive and negative forcing: positive by trapping Earth’s outgoing radia-
tion at night, and negative by reflecting sunlight during the day. Understanding
how to measure accurately and simulate cloud effects remains one of the most
difficult tasks for climate science.

Carbon dioxide currently contributes the largest portion of anthropogenic pos-
itive forcing. Atmospheric CO2 is not destroyed chemically and its removal from
the atmosphere occurs through multiple processes that transiently store the
carbon in the land and ocean reservoirs, and ultimately in mineral deposits (5).
A major removal process depends on the transfer of the carbon content of near-
surface waters to the deep ocean, on a century time-scale, with final removal
stretching over hundreds of thousands of years. Natural processes currently
remove about half the incremental man-made CO2 added to the atmosphere each
year; the balance can remain in the atmosphere for more than 100 years (6).
Atmospheric concentrations of CO2 have increased by 31% since 1750 (5).
Current global concentrations average about 370ppmv (parts per million by
volume). This concentration has not been exceeded during the past 420000 years
and probably not during the past 20 million years (3). Measurements begun in
the 1950s show that atmospheric CO2 has been increasing at about 0.5% per
year (Figure 2.3). This rate of increase is unprecedented during at least the past
20000 years (5). About 75% of the anthropogenic CO2 emissions to the atmos-
phere during the past 20 years were due to fossil fuel burning (5). Much of the
rest were due to land-use change, especially deforestation.

Methane (CH4) contributes a positive forcing about half that of CO2 (5). It is
released from cultivating rice; raising domestic ruminants (cows, sheep); dispos-
ing waste and sewage in landfills; burning biomass; and operating leaking gas
pipelines. The atmospheric concentration of methane has increased 151% since
1750 (5). Measurements between the early 1980s and 2000 showed a 10%
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increase in atmospheric CH4 to 1850ppb (parts per billion). Although the rate of
increase has slowed to near zero in the past two years, present CH4 concentra-
tions have not been exceeded during the past 420000 years. CH4 remains in the
atmosphere about 10 years. The primary removal mechanism is by chemical reac-
tion in the stratosphere with hydroxyl ions to produce carbon dioxide and water
vapour.

Other greenhouse gases include nitrous oxide and ozone. Nitrous oxide is
emitted by both natural and anthropogenic sources, and removed from the
atmosphere by chemical reactions. The atmospheric concentration of nitrous
oxide has increased steadily since the Industrial Revolution and is now about
16% larger than in 1750 (5). Nitrous oxide has a long atmospheric lifetime.

Ozone (O3) is not emitted directly but formed from photochemical processes
involving both natural and anthropogenic species. Ozone remains in the atmos-
phere for weeks to months. Its role in climate forcing depends on altitude: in the
upper troposphere it contributes a small positive forcing, while in the stratos-
phere it caused negative forcing over the past two decades (5). Based on limited
observations, global tropospheric ozone has increased by about 35% since pre-
industrial times.
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Aerosols are microscopic particles or droplets in air, their major anthropogenic
sources are fossil fuel and biomass burning. They can reflect solar radiation and
can alter cloud properties and lifetimes. Depending on their size and chemistry,
aerosols contribute either positive or negative forcing. For example, sulphate par-
ticles scatter sunlight and cause cooling. Soot (black carbon particles) can warm
the climate system by absorbing solar radiation. Aerosols have a lifetime of days
to weeks and so respond fairly quickly to changes in emissions. They are less well
measured than greenhouse gases.

Table 2.1 provides examples of several greenhouse gases and summarizes their
1790 and 1998 concentrations; rate of change over the period 1990–1999; and
atmospheric lifetime. The atmospheric lifetime is highly relevant to policy-
makers because emissions of gases with long lifetimes is a quasi-irreversible com-
mitment to sustained positive forcing over decades, centuries or millennia (3).

Weather, climate and climate variability

The terms weather and climate often are used interchangeably, but they actually
represent different parts of the same spectrum. Weather is the day-to-day chang-
ing atmospheric conditions. Climate is the average state of the atmosphere and
the underlying land or water in a particular region over a particular time-scale.
Put more simply, climate is what you expect and weather is what you get.
Climate variability is the variation around the mean climate; this includes sea-
sonal variations and irregular events such as the El Niño/Southern Oscillation.
These differences amongst weather, climate and climate variability have not been
applied consistently across studies of potential health impacts, which can lead to
confusion and/or misinterpretation.

Elements of daily weather operate on a variety of scales. Well-defined patterns
dominate the distribution of atmospheric pressure and winds across Earth. These
large-scale patterns are called the general circulation. Smaller patterns are found
on the synoptic scale, on the order of hundreds or thousands of square kilome-
tres. Synoptic scale features (e.g. cyclones, troughs and ridges) persist for a 
period of days to as much as a couple of weeks. Other elements of daily weather
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TABLE 2.1 Examples of greenhouse gases that are affected by human activities.

CO2 (Carbon CH4 (Methane) N2O (Nitrous CFC-11 HFC-23 CF4

Dioxide) Oxide) (chlorofluoro- (Hydrofluoro- (Perfluoromethane)
carbon-11) carbon-23)

Pre-industrial ~280ppm ~700ppb ~270ppb Zero Zero 40ppt
concentration
Concentration in 365ppm 1745ppb 314ppb 268ppt 14ppt 80ppt
1998
Rate of 1.5ppm/yra 7.0ppb/yra 0.8ppb/yr -1.4ppt/yr 0.55ppt/yr 1ppt/yr
Concentration
changeb

Atmospheric 5–200yrc 12yrd 114yrd 45yr 260yr >50,000yr
lifetime

a Rate has fluctuated between 0.9ppm/yr and 2.8ppm/yr for CO2 and between 0 and 13ppb/yr for CH4 over the period 1990 to
1999.

b Rate is calculated over the period 1990 to 1999.
c No single lifetime can be defined for CO2 because of the different rates of uptake by different removal processes.
d This lifetime has been defined as an “adjustment time” that takes into account the indirect effect of the gas on its own residence

time.
Source: reproduced from reference 5.



operate at the mesoscale, which is on the order of tens of square kilometres, and
for periods as brief as half an hour. The smallest scale at which heat and mois-
ture transfers occur is the microscale, such as across the surface of a single leaf.

Climate is typically described by the summary statistics of a set of atmospheric
and surface variables such as: temperature, precipitation, wind, humidity, cloudi-
ness, soil moisture, sea surface temperature, and the concentration and thick-
ness of sea ice. The official average value of a meteorological element for a specific
location over 30 years is defined as a climate normal (12). Included are data from
weather stations meeting quality standards prescribed by the World Meteoro-
logical Organization. Climate normals are used to compare current conditions
and are calculated every 10 years.

Climatologists use climatic normals as a basis of comparison for climate during
the following decade. Comparison of normals between 30-year periods may lead
to erroneous conclusions about climatic change due to changes over the decades
in station location, instrumentation used, methods of weather observations and
how the various normals were computed (12). The differences between normals
due to these primarily anthropogenically-induced changes may be larger than
those due to a true change in climate.

The climate normal for the 1990s was the period 1961–1990. This was the
baseline for the analyses of climatic trends summarized by the IPCC Third Assess-
ment Report. In January 2002, the climate normal period changed to 1971–2000.
This change in the climate normal means a change in the baseline of compari-
son; different conclusions may result when comparisons are made using differ-
ent baselines.

A climate normal is simply an average and therefore does not completely char-
acterize a particular climate. Some measure of the variability of the climate also
is desirable. This is especially true for precipitation in dry climates, and with 
temperatures in continental locations that frequently experience large swings
from cold to warm air masses. Typical measures of variability include the stan-
dard deviation and interquartile range. Some measures of the extremes of the
climate are useful also.

A variety of organizations and individuals summarize weather over various
temporal and spatial scales to create a picture of the average meteorological con-
ditions in a region. There are well-known spatial latitudinal and altitudinal tem-
perature gradients. For example, under typical conditions in mountainous
terrain, the average surface air or soil temperature decreases by about 6.5°C for
every 1000m increase in elevation, and along an equator to pole gradient a dis-
tance of 1000km corresponds to an average surface temperature change of about
5°C (6). Superimposed on these large-scale gradients are more complex regional
and local patterns.

Temporal climate variations are most obviously recognized in normal diurnal
and seasonal variations. The amplitude of the diurnal temperature cycle at most
locations is typically in the range of 5–15°C (3). The amplitude of seasonal vari-
ability is generally larger than that of the diurnal cycle at high latitudes and
smaller at low latitudes. Years of research on seasonal to interannual variations
have uncovered several recurring pressure and wind patterns that are termed
modes of climate variability (6).

The El Niño/Southern Oscillation (ENSO) cycle is one of Earth’s dominant
modes of climate variability. ENSO is the strongest natural fluctuation of climate
on interannual time-scales, with global weather consequences (13, 14). An El
Niño event occurs approximately every two to seven years. Originally the term
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applied only to a warm ocean current that ran southwards along the coast of
Peru about Christmas time. Subsequently an atmospheric component, the South-
ern Oscillation, was found to be connected with El Niño events. The atmosphere
and ocean interact to create the ENSO cycle: there is a complex interplay between
the strength of surface winds that blow westward along the equator and sub-
surface currents and temperatures (13). The ocean and atmospheric conditions
in the tropical Pacific fluctuate somewhat irregularly between El Niño and La
Niña events (which consist of cooling in the tropical Pacific) (15). The most
intense phase of each event usually lasts about one year.

Worldwide changes in temperature and precipitation result from changes in
sea surface temperature during the ENSO cycle (14, 16). During El Niño events,
abnormally heavy rainfall occurs along part of the west coast of South America,
while drought conditions often occur in parts of Australia, Malaysia, Indonesia,
Micronesia, Africa, north-east Brazil and Central America (13). These changes
can have a strong effect on the health of individuals and populations because of
associated droughts, floods, heatwaves and changes that can disrupt food pro-
duction (16). Predictions of ENSO associated regional anomalies (deviations or
departures from the normal) are generally given in probabilistic terms because
the likelihood of occurrence of any projected anomaly varies from one region to
another, and with the strength and specific configuration of the equatorial Pacific
sea surface temperature anomalies (12).

ENSO is not the only mode of climate variability. The Pacific Decadal Oscilla-
tion (PDO) and the North Atlantic–Artic Oscillation (NAO–AO) are well estab-
lished as influences on regional climate. The NAO is a large-scale oscillation in
atmospheric pressure between the subtropical high near the Azores and the 
sub-polar low near Iceland (17). The latter appears to have a particularly large
decadal signal (18). The PDO signal may fluctuate over several decades.

A note about terminology used by meteorologists and climatologists is rele-
vant. The terms forecast and prediction each refer to statements about future
events: predictions are statements that relate to the results of a single numerical
model; forecasts are statements that relate to a synthesis of a number of predic-
tions (6). Forecasts and predictions are currently most relevant to future (i.e.
near-term) weather conditions and seasonal climate conditions. Estimates of
long-term climate change usually are discussed in terms of projections, which
are less certain than predictions or forecasts. Projections (of future climate) are
based on estimates of possible future changes with no specific probability
attached to them.

Climate change

Climate change operates over decades or longer. Changes in climate occur as a
result of both internal variability within the climate system and external factors
(both natural and anthropogenic). The climate record clearly shows that climate
is always changing (Figure 2.4). One feature of the record is that climate over
the past 10000 years has been both warm and relatively stable (5).

Past changes could not be observed directly, but are inferred through a variety
of proxy records such as ice cores and tree rings. Such records can be used to
make inferences about climate and atmospheric composition extending back as
far as 400000 years. These data indicate that the range of natural climate vari-
ability is in excess of several degrees Celsius on local and regional spatial scales
over periods as short as a decade (5). Precipitation also has varied widely.
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On century to millennial scales, climate changes such as the European ‘little
ice age’ from the fourteenth to eighteenth centuries occur (20). Over the past
approximately million years, the global climate record is characterized by larger
glacial-interglacial transitions, with multiple periodicities of roughly 20000, 
40000 and 100000 years (6). These are correlated with the effects of Earth-
Sun orbital variations. The amplitudes of these transitions are on the order of
5–10°C and are accompanied by large extensions and retreats of polar and glacial
ice.

In 1861, instrumental records began recording temperature, precipitation and
other weather elements. Figure 2.5 shows the annual global temperature
(average of near surface air temperature over land and of sea surface tempera-
tures) expressed as anomalies or departures from the 1961 to 1990 baseline. Over
the twentieth century, the global average surface temperature increased about
0.6°C ± 0.2°C, the 1990s being the warmest decade and 1998 the warmest year
in the Northern Hemisphere (5). The high global temperatures associated with
the 1997–1998 El Niño event are apparent, even taking into account recent
warming trends. The increase in temperature over the twentieth century is likely
to have been the largest of any century during the past 1000 years (Figure 2.6)
(5). The warmth of the 1990s was outside the 95% confidence interval of tem-
perature uncertainty, defined by historical variation, during even the warmest
periods of the last millennium (3).
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FIGURE 2.4 Schematic diagrams
of global temperature variations
since the Pleistocene on three
time-scales: (a) last million years
(b) last 10000 years (c) last 1000
years. The dotted line nominally
represents conditions near the
beginning of the century. Source:
reproduced from reference 19.
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The regional patterns of warming that occurred in the early twentieth century
differ from those of the latter part (5). The largest increases in temperature
occurred over the mid and high latitudes of the continents in the Northern Hemi-
sphere. Regional temperature patterns are related, in part, to various phases of
atmospheric-oceanic oscillations, such as the North Atlantic–Artic Oscillation (5).
Regional temperature patterns over a few decades can be influenced strongly by
regional climate variability, causing a departure from global trends. More time
must elapse before the importance of recent temperature trends can be assessed.
However, the Northern Hemisphere temperatures of the 1990s were warmer
than any other time in the past six to ten centuries (5). Less is known about the
conditions that prevailed in the Southern Hemisphere prior to 1861 because
limited data are available.

Climate variability and change over the twentieth century

In the Third Assessment Report of the Intergovernmental Panel on Climate
Change, Working Group I summarized climatic changes that occurred over the
twentieth century. A concerted effort was made to express the uncertainty about
climate trends in a consistent and meaningful fashion. Thus, confidence in their
judgements was expressed as: virtually certain (>99% chance that a result is
true); very likely (90–99% chance); likely (66–90% chance); medium likely
(33–66% chance); unlikely (10–33% chance); and very unlikely (1–10% chance)
(5). This terminology is used in the summary below.

On average, between 1950 and 1993, night time daily minimum air temper-
atures over land increased by about 0.2°C per decade, although this did not
happen everywhere (5). This increase may be due to a likely increase in cloud
cover of about 2% since the beginning of the twentieth century (5). This increase
was about twice the rate of increase in daytime daily maximum air temperatures
(0.1°C per decade) and lengthened the freeze-free season in many mid and high
latitude regions.

Along with these temperature changes, snow cover and ice extent decreased.
Snow cover has very likely decreased about 10% since the late 1960s, and spring
and summer sea ice extent decreased about 10–15% since the 1950s. There is
now ample evidence to support a major retreat of alpine and continental glaci-
ers in response to twentieth century warming. However, in a few maritime
regions, increases in precipitation overshadowed increases in temperature in the
past two decades, and glaciers re-advanced (5). Sea ice is important because it
reflects more incoming solar radiation than the sea surface and insulates the sea
from heat loss. Therefore, reduction of sea ice causes positive climate forcing at
high latitudes.

Data show that global average sea level rose between 0.1 and 0.2m during
the twentieth century. Based on tide gauge data, the rate of global mean sea level
rise was in the range of 1.0 to 2.0mm per year, compared to an average rate of
about 0.1 to 0.2mm per year over the last 3000 years (5). This does not mean
that sea level is rising in all areas: the retreat of glacial ice in the past several
thousand years has lead to a rebound of land in some areas. Sea level has been
rising for several reasons. First, ocean water expands as it warms. On the basis
of observations and model results, thermal expansion is one of the major con-
tributors to historical sea level changes (5). Thermal expansion is expected to be
the largest contributor to sea level rise over the next 100 years. As deep ocean
temperatures change slowly, thermal expansion is expected to continue for many

CHAPTER 2. WEATHER AND CLIMATE AS HEALTH EXPOSURES 29



centuries after stabilization of greenhouse gases. Second, after thermal expan-
sion, the melting of mountain glaciers and ice caps is expected to make the next
largest contribution to sea level rise over the next 100 years. These glaciers and
ice caps are much smaller than the large ice sheets of Greenland and Antarctica,
and are more sensitive to climate change. Third, processes unrelated to climate
change influence sea level; these processes could have regional effects on sea
level, such as coastal subsidence in river delta regions.

Other changes include the following:

• it is very likely that precipitation increased by 0.5–1.0% per decade over
most mid and high latitudes of the Northern Hemisphere continents, and
likely that rainfall increased 0.2–0.3% per decade over tropical land areas.
Also it is likely that rainfall decreased over much of the Northern Hemi-
sphere subtropical land areas. Comparable systematic changes were not
detected over the Southern Hemisphere;

• it is likely that there was a 2–4% increase in the frequency of heavy pre-
cipitation events in mid and high latitudes of the Northern Hemisphere over
the latter half of the twentieth century;

• since 1950, it is very likely that there was a reduction in the frequency 
of extremely low temperatures, with a smaller increase in the frequency of
extreme high temperatures;

• El Niño events were more frequent, persistent and intense since the mid-
1970s, compared with the previous 100 years;

• in parts of Asia and Africa, the frequency and intensity of droughts
increased in recent decades.

However, not all aspects of climate changed during the last century (5). A few
areas of the globe cooled in recent decades, mainly over some parts of the South-
ern Hemisphere oceans and parts of Antarctica. No significant trends of Antarc-
tic sea ice extent are apparent since 1978. No systematic changes in the frequency
of tornadoes or other severe storms are evident.

One area of concern is the possibility of a sudden, large change in the climate
system in response to accumulated climatic forcing. The paleoclimate record 
contains examples of such changes, at least on regional scales.

Special Report on Emission Scenarios

The projection of future climate change first requires projection of future emis-
sions of greenhouse gases and aerosols, for example, the future fossil fuel and
land-use sources of CO2 and other gases and aerosols. How much of the carbon
from future use of fossil fuels will increase atmospheric CO2 will depend on what
fractions are taken up by land and the oceans. Future climate change depends
also on climate sensitivity.

For the Third Assessment Report, the IPCC developed a series of scenarios that
include a broad range of assumptions about future economic and technological
development to encompass the uncertainty about the structure of society in
2100. These scenarios are called collectively the SRES, from the Special Report
on Emission Scenarios (22). An earlier baseline, or business as usual, scenario
(or IS92a) assumed rapid growth rates such that annual greenhouse gas emis-
sions continue to accelerate; this scenario was developed for the Second Assess-
ment Report. The SRES scenarios produce a range of emission projections that
are both larger and smaller in 2100 than the IS92a scenario. The SRES scenar-
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ios are grouped into four narrative storylines. The storylines can be categorized
basically in a 2x2 table, with the axes global versus regional focus, and a world
focused more on consumerism versus a world focused more on conservation.
The basic storylines are A1 (world markets), B1 (global sustainability), A2
(provincial enterprise) and B2 (local stewardship). Each storyline contains under-
lying assumptions about population growth, economic development, life style
choices, technological change and energy alternatives. Each leads to different pat-
terns and concentrations of emissions of greenhouse gases. In some storylines,
the large growth in emissions could lead to degradation of the global environ-
ment in ways beyond climate change (5). No attempt was made to assign prob-
abilities to the SRES scenarios; they are designed to illustrate a wide range of
possible emissions outcomes. Much of the summary climate change information
provided below is based on results from climate models that used the SRES 
scenarios.

Anthropogenic climate change

Several key questions are asked about climate change:

• was there detectable climate change during the twentieth century?
• if so, how much warming already experienced was likely to be due to

human activities?
• how much additional warming is likely to occur if we increase the atmos-

pheric levels of greenhouse gases?
• what will be the likely impacts?

To distinguish anthropogenic climate changes from natural variation requires
that the anthropogenic signal be identified against the noise of natural climate
variability. The third question is important because the climate system has a great
deal of inertia—changes to the atmosphere today may continue to affect the
climate for decades or even centuries. Similarly, the consequences of efforts to
reduce the magnitude of future change may not become apparent for decades 
to centuries. The question of impacts is addressed in other chapters in this book.

Two of the tasks of the IPCC’s Third Assessment Report (TAR) were to deter-
mine whether there has been a detectable signal of climate change (in a statis-
tical sense) and if so, to determine if any of the change could be attributed
confidently to anthropogenic causes. One conclusion was that best agreement
between observations and model simulations over the past 140 years was found
when both natural factors and anthropogenic forcings were included in the
models (Figure 2.7) (5). Further, the IPCC authors concluded that most of 
the warming observed over the past 50 years is attributable to human activities
and that human influences will continue to change atmospheric composition
throughout the twenty-first century (5). The IPCC authors concluded that emis-
sions of CO2 due to fossil fuel burning are virtually certain to be the dominant
contributor to the trends in atmospheric CO2 concentration throughout the
twenty-first century.

By 2100, atmospheric concentrations of CO2 are projected to be between 490
and 1260ppm (75–350% above the concentration of 280ppm in 1750) (5). Based
on climate model results using the SRES scenarios, the IPCC projected that the
global mean temperature of Earth would increase by the end of the twenty-first
century by between 1.4 and 5.8°C. Global precipitation also would increase. This
projected rate of warming is much larger than the observed changes during the
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twentieth century and is very likely to be without precedent during at least the
last 10000 years (5). These projections strongly depend on climate sensitivity.
Recent publications, using different approaches and different models, conclude
that these IPCC estimates are likely to be conservative (23–25). Andronova and
Schlesinger concluded that there is a 54% likelihood that true climate sensitiv-
ity lies outside the IPCC range and that global average temperature increases
could be higher or lower than those projected by the IPCC (23). Knutti et al. con-
cluded that there is 40% probability that the warming could exceed that pro-
jected by the IPCC, and only 5% probability that it will be lower (24). In addition,
these studies suggest that much of the warming over the next few decades will
be due to past greenhouse gas emissions and thus relatively insensitive to miti-
gation efforts. Only beyond mid-century could mitigation efforts begin to affect
global mean temperatures.

Average temperature increases are projected to be greatest in the northern
regions of North America, and northern and central Asia. Precipitation also is
projected to increase, particularly over the northern mid to high latitudes and
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FIGURE 2.7 Global mean surface temperature anomalies relative to the 1880 to 1920 mean
from the instrumental record, compared with ensembles of four simulations with a coupled
ocean-atmosphere climate model. The line shows the instrumental data while the shaded area shows
the range of outputs from individual model simulations. Data are annual mean values. Source: reproduced
from reference 5.



Antarctica in winter. Of particular note is that the shift in the mean of meteo-
rological variables, such as temperature and precipitation, will result in a shift in
extremes (Figure 2.8). For example, in Chicago, Illinois, currently about 6% of
days in July and August are above 35°C; under one climate scenario by 2095
that could rise to 36%. Global climate change is not likely to be spatially uniform
and is expected to include changes in temperature and the hydrologic cycle. Asso-
ciated health effects also will vary spatially. Higher evaporation rates will accel-
erate the drying of soils following rain events resulting in drier average conditions
in some regions (6). Larger year-to-year variations in precipitation are very likely
over most areas where an increase in mean precipitation is projected, including
an increase in heavy rain events (3). Changes in other features of the climate
system also could occur, for example the frequency and intensity of tropical and
mid latitude storms. Global climate change may also influence the behaviour of
ENSO or other modes of climate variability (26). Chapter 5 summarizes the health
effects associated with El Niño events.

Between 1990 and 2100 global mean sea level is projected to rise 0.09–0.88
m (5, 28). This will be due primarily to thermal expansion of the oceans and loss
of mass from glaciers and ice caps. Sea levels are projected to continue rising for
hundreds of years after stabilization of greenhouse gas concentrations due to 
the long time-scales on which the deep ocean adjusts to climate change.

Table 2.2 summarizes the confidence in observed changes in extremes of
weather and climate during the latter part of the twentieth century and in 
projected changes during the twenty-first century.

Climate modelling

Projections of future climatic conditions are produced using climate system
models. Atmosphere-Ocean general circulation models (AOGCMs) are mathe-
matical expressions of the thermodynamics; fluid motions; chemical reactions;
and radiative transfer of the complete climate system that are as comprehensive
as allowed by computational feasibility and scientific understanding of their for-
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mulation (6). The models couple known laws of physics with prescribed initial
and boundary conditions of the atmosphere to compute the evolving state of the
global atmosphere, ocean, land surface and sea ice in response to external natural
and anthropogenic forcings. Boundary conditions are external factors that influ-
ence Earth’s climate system, such as the intensity of sunlight, the composition of
the atmosphere, etc. The climate system adjusts when one or more of these exter-
nal factors change: for example, global average temperatures would be expected
to increase with an increase in solar output. The ultimate aim is to model as
much as possible of the climate system, especially the complex feedbacks among
the various components.

A number of models are in operation in various research institutes and uni-
versities worldwide. Although the models are based on the same laws of physics,
each has different ways of dealing with processes that cannot be represented
explicitly by physical laws, such as formation of clouds and precipitation. Varia-
tions in these parameterizations lead to different regional projections of climate
change, particularly for precipitation.

AOGCMs cannot simulate all aspects of climate and there are large uncer-
tainties associated with clouds, yet there is increasing confidence that they can
provide useful projections of future climate. This is due to their improved ability
to simulate the important interactions between ocean and atmosphere for past
and current climate on a range of temporal and spatial scales (5). In particular,
simulations that include estimates of natural and anthropogenic forcing repro-
duce the large-scale changes in surface temperature over the twentieth century
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TABLE 2.2 Estimates of confidence in observed and projected changes in extreme weather
and climate events. The table depicts an assessment of confidence in observed changes in extremes of
weather and climate during the latter half of the 20th century (left column) and in projected changes
during the 21st century (right column).a This assessment relies on observational and modelling studies, as
well as physical plausibility of future projections across all commonly used scenarios and is based on
expert judgment. Adapted from reference 5.

Confidence in observed changes Changes in Phenomenon Confidence in projected changes
(latter half of the 20th century) (during the 21st century)

Likely Higher maximum temperatures and more Very likely
hot days over nearly all land areas

Very likely Higher minimum temperatures, fewer Very likely
cold days and frost days over nearly 
all land areas

Very likely Reduced diurnal temperature range over Very likely
most land areas

Likely, over many areas Increase of heat indexa over land areas Very likely, over most areas
Likely, over many Northern More intense precipitation eventsb Very likely, over many areas
Hemisphere mid-to high latitude

land areas
Likely, in a few areas Increased summer continental drying and Likely, over most mid-latitude 

associated risk of drought continental interiors (Lack of
consistent projections in other
areas)

Not observed in the few analyses Increase in tropical cyclone peak wind Likely, over some areas
available intensitiesc

Insufficient data for Increase in tropical cyclone mean and Likely, over some areas
assessment peak precipitation intensities

a Heat index: A combination of temperature and humidity that measures effects on human comfort.
b For other areas there are either insufficient data or conflicting analyses.
c Past and future changes in tropical cyclone location and frequency are uncertain.



(5). Current AOGCMs simulate well some of the key modes of climate variabil-
ity such as the North Atlantic Oscillation and ENSO.

AOGCMs generally have horizontal spatial resolutions of about 250km for
their atmospheric component. This coarse spatial scale creates problems for 
successfully simulating possible regional climate change and its impacts. For
example, two AOGCMs were used in the United States’ National Assessment of
the Potential Impacts of Climate Variability and Change. In one (from the UK
Hadley Centre) the state of Florida was too small to be resolved, and in the other
(the Canadian climate model), the Great Lakes were not represented. It is not
possible to project regional climate patterns with confidence if significant 
geographical features are missing.

With limitations of spatial scale and other factors, AOGCMs still have difficulty
portraying accurately precipitation patterns in mountainous regions and resolv-
ing important synoptic weather features (such as Mesoscale Convective Systems)
that strongly influence precipitation patterns and amounts in many agricultural
regions. The typical biases in reproduction of observed regional scale climate by
AOGCMS are in the range of about ±4°C for temperature, and -40 to +80% for
precipitation (29). However, larger biases do occur. It is assumed that the ability
to reproduce faithfully the current climate is a necessary condition for simulat-
ing future climate in a meaningful way (30).

Some techniques can ameliorate the problem of spatial scale. These regional-
ization techniques include statistical downscaling; regional climate modelling;
and application of high resolution and variable resolution atmospheric models
(AGCMS). All of these result in higher resolution simulations and, usually, better
representation of regional climate (31). Statistical downscaling and regional mod-
elling are the most popular techniques that have been used to provide improved
regional climate representation for use in impacts studies (30–35). The guiding
principle of both techniques is to use output from the coarse resolution AOGCMs
to produce more detailed regional information.

In regional modelling, lateral and initial boundary conditions from an AOGCM
are used to drive regional climate models (usually derived from mesoscale
weather forecasting models) over a particular region of interest. AOGCMs
provide the large-scale responses of the climate system while the regional model
provides regional scale details. Regional models, which are run at higher resolu-
tions (e.g. 30–50km) are much more successful at simulating accurately regional
climate, particularly in regions with complex topography, coastlines, or land use
patterns. This ability to reproduce regional climate is limited, however, by the
quality of the boundary conditions from the global model. Regional models
cannot overcome large errors in the AOGCMs. Climate change experiments with
regional models have been performed over many regions, including North
America, Europe, Australia, China and India (36).

In statistical downscaling, the cross-scale relationship (i.e. large scale to
regional/local scale) is expressed as a function between large-scale variables (pre-
dictors) and regional or local scale climate variables (predictands). Usually the
large and local scale variables are different. It is important that the predictor 
variables be of relevance to the local variables. The technique of statistical 
downscaling relies on the assumption that the statistical relationships developed
under observed climate conditions are valid under future climate conditions and
that the predictors fully represent the climate change signal. The literature on
statistical downscaling is quite large and the technique has been applied over
most regions of the world (30–31).
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These regionalization techniques sometimes produce climate changes, partic-
ularly of precipitation, that differ substantially from those of the global model
that provides the large scale information for the techniques. There remains
uncertainty regarding which projection of climate change (from the global model
or from the regionalization technique) is more likely correct. However, at least
in the case of regional modelling, there is good evidence to suggest that in regions
of complex topography, the regional model is more apt to provide a more real-
istic response to increased greenhouse gases. Applications of regionalized sce-
narios to impacts models (e.g. hydrologic and agricultural models) usually
produce impacts that are different from those obtained using the corresponding
coarse scale scenario (35).

Despite the regional climate limitations of AOGCMs, they remain the major
source of information on possible climatic changes that can be useful for projec-
tions of possible health impacts of climate change. However, scenarios developed
using regionalization techniques will become increasingly available. It is also the
case that the typical spatial resolution of AOGCMs will continue to improve in
the coming years.

The rate of climate change also is of particular importance for understanding
potential impacts, especially from the point of view of possible adaptations of
human and natural systems. Some periods of past climate change occurred very
rapidly. For example, during the last major ice age shifts of temperatures of up
to 5°C occurred in fewer than 50 years (20). Moreover, the recent rate of global
temperature change in the last (20th) century is the greatest century scale change
in the past millennium. The range of climate change indicated by the projected
changes from climate models represents rates of change from roughly 0.14 to
0.58°C per decade. It is expected that natural ecosystems in particular could have
difficulty in adapting to the higher rates of change. There are also issues of very
sudden changes as well as climate surprises (37). These include such events as
the possible collapse of the West Antarctic Ice Sheet and the shutting down of
the thermohaline circulation of the ocean in the North Atlantic. Such punctu-
ated events would have dramatic effects on sea level rise for the former phe-
nomenon and temperature for the latter. However, neither event is considered
to have any significant likelihood in the next 100 years (26).

Exposure assessment

This section begins the discussion, continued throughout the remainder of the
book, on how weather, climate variability and change can influence population
health. There are descriptions of some of the methods and tools that can be used
to assess exposure, along with illustrative examples. Further discussion of
methods to assess relevant exposures to weather and climate can be found in Ebi
and Patz (1).

Studying the natural complexities of weather and climate variability in rela-
tion to health outcomes offers unique challenges. Weather and climate can be
considered over various spatial and temporal scales, with different scales of 
relevance to different health outcomes. For example, one categorization of tem-
poral scales is into episodes, short-term weather variability and longer-term vari-
ation. The consequences of a single event, from a heatwave to an El Niño event,
may be useful analogues for similar events. However, a single event may not be
representative of all events; it might be weaker or stronger, or may be shorter or
last longer than typical events.
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Although informative for future directions in research and adaptation, the pre-
dictive value of analogue studies may be limited because future events may differ
from historical events and because the extent of vulnerability of a population
changes over time. The 1995 heatwave caused considerably more loss of life in
midwestern states in the United States than a similar heatwave in 1999, in part
because of programmes established in the interim (38). There are similar issues
for geographical analogues, such as using the current experience of heatwaves
in a more southern region to predict what might happen in the future in a more
northern region. Regions differ on a number of important factors, including living
standards and behaviours. Therefore, scenario-based modelling approaches are
needed to project what might happen under different climate conditions.

As noted in other chapters, one of the difficulties faced by researchers study-
ing the health impacts of climate variability and change is the often limited avail-
ability of both weather and health outcome data on the same temporal and
geographical scale.

Exposure assessment begins by incorporating a definition of the exposure of
interest into the study hypothesis. To use heatwaves as an example, a heatwave
needs to be defined and methods for assessment determined. Heatwaves may 
be defined by temperature alone or a combination of temperature with other
weather variables. There are various definitions of heatwaves. In the Nether-
lands, for example, the Royal Meteorological Institute defines a heatwave as a
period of at least five days, each of which has a maximum temperature of at least
25°C, including at least three days with a maximum temperature of at least 
30°C (39). It should be noted that the adverse health effects observed during and
following a heatwave do not depend on weather alone: the physiological, behav-
ioural and other adaptations of the population exposed to the heatwave are 
additional determinants of outcomes.

As well as defining the exposure of interest, decisions need to be made on the
appropriate lag period between exposure and effect, and how long health out-
comes may be increased after an exposure. Lag periods ranging from a few days
to a year have been used, depending on the presumed underlying mechanism
of effect. Deaths in the 1995 Chicago heatwave were highest two days after tem-
peratures peaked (40). In a study of viral pneumonia, a seven-day lag was used
(41); a study of water-borne disease outbreaks used lags of one and two months
(42); and studies of El Niño and malaria epidemics used one-year (43–45).

The following examples describe a variety of approaches used to summarize
exposures to weather and climate. Informative exposure assessment is required
for development of quantitative estimates of current vulnerability to climate-sen-
sitive diseases using empirical epidemiological approaches.

An example of an episode analysis is a study that took advantage of the 1997/8
El Niño extreme event to assess the effects of unseasonable conditions on diar-
rhoeal disease in Peru (46). Checkley et al. used harmonic regression (to account
for seasonality) and autoregressive-moving average models to show an increased
risk of these diseases following the El Niño event.

Synoptic climatological approaches are one method used to summarize short-
term weather. For example, McGregor investigated the association between
weather and winter ischaemic heart disease deaths (47). A principle component
analysis followed by a cluster analysis of meteorological data for seven weather
variables was used to determine winter air masses. Increases in ischaemic heart
disease mortality appeared to be associated with concurrent meteorological con-
ditions and with antecedent and rapidly changing conditions.
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Time series analyses are used frequently to analyse exposures associated with
short-term variability of climate. Time series analyses can take account of cycli-
cal patterns, such as seasonal patterns, when evaluating longitudinal trends in
disease rates in one geographically defined population. Seasonal patterns may be
due to the seasonality of climate or to other factors, such as the school year. Two
generally used approaches to time series analyses are generalized additive models
(GAM) and generalized estimating equations (GEE). The generalized additive
model entails the application of a series of semi-parametric Poisson models that
use smoothing functions to capture long-term patterns and seasonal trends from
data. The generalized estimating equation approach is similar to GAM in the use
of a Poisson regression model to estimate health events in relation to weather
data. However, no a priori smoothing is performed for the time series. Instead,
the GEE model allows for the removal of long-term patterns in the data by adjust-
ing for overdispersion and autocorrelation. Autocorrelation needs to be con-
trolled for in time series data of weather measurements because today’s weather
is correlated with weather on the previous and subsequent days. Overdispersion
may be present in count data (health outcomes) that are assumed to follow a
Poisson distribution.

Time series analysis was used in a study that described and compared the asso-
ciations between certain weather variables and hospitalizations for viral pneu-
monia, including influenza, during normal weather periods and El Niño events
in three regions of California (41). Temperature variables, precipitation and sea
surface temperature were analysed. Sea surface temperature was included as a
marker for weather variables not included in the analysis, such as cloud cover.
The cut points for the weather variables were approximately one standard devi-
ation from the mean. A seven-day lag period was used. Specific changes in 
temperature or precipitation alone could not describe the hospitalization patterns
found across the three regions. Also, developing a model based on either the
inland or one of the coastal regions would not have been predictive for the other
regions. These results underscore the difficulties in trying to model the potential
health effects of climate variability.

Another example is a study of the association between extreme precipitation
and water-borne disease outbreaks in the United States (42). The goal of the
analysis was to determine whether outbreaks clustered around extreme precip-
itation events as opposed to geographical clustering. Curriero et al. defined
extreme precipitation events with Z-score thresholds: scores greater than 0.84,
1.28 and 1.65 corresponded to total monthly precipitation in the highest 20%,
10% and 5%, respectively. A Monte Carlo version of Fisher’s exact test was used
to test for statistical significance of associations. The authors repeatedly gener-
ated sets of outbreaks in a random fashion, tabulating the percentage of these
artificial outbreaks with extreme levels of precipitation at each step. This process
produced a distribution of coincident percentages under the assumption of no
association that was then compared with the observed percentage to calculate a
p-value. Analyses were conducted at the watershed level, including outbreaks
due to both ground and surface water contamination, and were further strati-
fied by season and hydrologic region. Of the 548 outbreaks, 51% were preceded
by a precipitation event above the 90%ile and 68% above the 80%ile (p < 0.001).
Outbreaks due to surface water contamination were associated with extreme pre-
cipitation during the month of the outbreak, while outbreaks due to ground
water contamination had the strongest association with extreme precipitation
two months prior to the outbreak.
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A study by Hay et al. demonstrates one approach for looking at longer-term
variability (48). The authors used spectral analysis to investigate periodicity in
both climate and epidemiological time series data of dengue haemorrhagic fever
(DHF) in Bangkok, Thailand. DHF exhibits strong seasonality, with peak inci-
dences in Bangkok occurring during the months of July, August and September.
This seasonality has been attributed to temperature variations. Spectral analysis
(or Fourier analysis) uses stationary sinusoidal functions to deconstruct time
series into separate periodic components. A broad band of two to four year peri-
odic components was identified as well as a large seasonal periodicity. One lim-
itation of this method is that it is applicable only for stationary time series in
which the periodic components do not change.

Another approach, used to study the association between El Niño events 
and malaria outbreaks, analysed historical malaria epidemics using an El
Niño/Southern Oscillation index (43–46). This is discussed in more detail in
chapter five.

Other statistical methods for analysing epidemiological studies of the health
impacts of weather and climate are being developed. Improved methods still are
needed to fit time series, as are methods to handle bivariate data (one series of
counts and one of continuous data). However, these methods are not enough.
Convergence of expertise, methods and databases from multiple disciplines is
required to understand and prepare for a different future climate and its poten-
tial ecological, social and population health impacts. Capacity building to improve
human and ecological data quality, and the development of innovative interdis-
ciplinary methods, remain high priorities when facing the challenges of assess-
ing actual and potential risks from global climate change.

Conclusions

Main findings

1. The IPCC Third Assessment Report concluded that the best agreement
between climate observations and model simulations over the past 140 years
was found when both natural factors and anthropogenic forcings were
included in the models (5). Further, most of the warming observed over the
past 50 years is attributable to human activities.

2. Human influences will continue to change atmospheric composition through-
out the twenty-first century. Global average temperature is projected to rise
by 1.4 to 5.8°C over the period 1990–2100 (5). Global climate change will not
likely be spatially uniform, and is expected to include changes in temperature
and in the hydrologic cycle.

3. Studying the natural complexities of weather and climate variability in 
relation to health outcomes offers unique challenges. Weather and climate can
be summarized over various spatial and temporal scales. The appropriate scale
of analysis will depend on the study hypothesis. Each study hypothesis needs
to define the exposure of interest and the lag period between exposure and
effect.

4. The predictive value of analogue studies may be limited because future events
may be different than historical events, and because the extent of vulnerabil-
ity of a population changes over time. For these and other reasons, scenario-
based modelling is needed to project what might happen under different
climate conditions.
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5. Analysis methods need to take account of the changing climate baseline. An
additional consideration is that the shift in the mean of distributions of mete-
orological variables is likely to change the extremes of the distribution.

Research gaps

1. Innovative approaches to analysing weather/climate in the context of human
health are needed. Many standard epidemiology approaches and methods are
inadequate because these exposures operate on a population level. Methods
used in other disciplines need to be modified and new methods developed to
enhance the ability to study and project potential health impacts in a future
that may have a markedly different climate.

2. Long-term data sets with weather and health outcome data on the same spatial
and temporal scales are required. Currently it is not possible to answer key
questions such as the contribution of climate variability and change to the
spread of malaria in African highlands, because the appropriate health,
weather and other data (i.e. land use change) are not being collected in the
same locations on the same scales. There is currently little coordination across
disciplines and institutions; these links need to be established and maintained.

3. Improved understanding is needed of how to incorporate outputs from mul-
tiple AOGCMs into health studies to highlight better the range of uncertain-
ties associated with projected future health impacts. Including several climate
scenarios can illustrate the range of possible future changes, thus allowing
decision-makers to identify populations that may be particularly vulnerable 
to adverse health impacts and to use this information when prioritizing 
strategies, policies and measures to enhance the adaptive capacity of future
generations.
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Introduction

In the early 1990s, there was very little awareness of the risks posed to the health
of human populations by global climate change. In part this reflected epidemi-
ologists’ limited conventional approach to environmental health. The environ-
ment was viewed predominantly as a repository for specific human-made
pollutants: in air, water, soil and food, each of which was suspected of posing
particular risks to human communities and individual consumers. This was com-
pounded by a general lack of understanding of how the disruption of biophysi-
cal and ecological systems might pose threats to the longer-term health of
populations. There was also little awareness among physical and natural scien-
tists that changes in their particular objects of study—climatic conditions, biodi-
versity stocks, ecosystem productivity, and so on—were of potential importance
to human health. Indeed, this was clearly reflected in the content of the first
major report of the United Nation’s Intergovernmental Panel on Climate Change
(IPCC), published in 1991. That report devoted just several paragraphs to the
possibility that global climate change might affect human health.

Things have changed. The Second Assessment Report of the IPCC (1996) con-
tained a full chapter assessing the potential risks to human population health.
The Third Assessment Report (1) did likewise, including discussion of the emer-
gence of actual health impacts as well as the larger issue of potential health
effects. The Third Assessment Report also included a review of health impacts in
regional populations around the world.

The IPCC

Recognizing that global climate change posed a range of potentially serious, often
new, hazards to human societies, the World Meteorological Organization (WMO)
and the United Nations Environment Programme (UNEP) established the Inter-
governmental Panel on Climate Change (IPCC) in 1988. The role of the IPCC is
to assess published scientific literature on how human-induced changes to the
gaseous composition of the lower atmosphere, caused by an increase in the emis-
sion of greenhouse gases, are likely to influence world climatic patterns; how this
in turn would affect a range of systems and processes important to human soci-
eties (including human health); and what range of economic and social response
options exists.
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Box 3.1 The IPCC has three Working Groups and a Task Force

Working Group I assesses the scientific aspects of the climate system and climate
change.

Working Group II addresses the vulnerability of socioeconomic and natural systems
to climate change, the resultant negative and positive impacts of climate change and
the options for adaptations to lessen the impacts.

Working Group III assesses options for limiting greenhouse gas emissions and other-
wise mitigating climate change.

The Task Force on National Greenhouse Gas Inventories defines and disseminates
standardized methods for countries to calculate and report GHG emissions.

The IPCC does not carry out research, neither does it monitor climate-related
data or other relevant parameters. Assessments are based on peer-reviewed and
other accessible published scientific and technical literature.

A prime source of this chapter is the recent work of Working Group II of the
IPCC (WGII), as this was set up as the internationally authoritative scientific
review body in climate change and its impacts. Its work has been authorized 
by national governments through the processes of the United Nations’ system;
membership has been extensive, international and representative of world sci-
entific skills and opinions, and its review processes have been open to external
review by other scientific peers and government scientific advisors.

The scale of the IPCC endeavour is reflected in the size of the reports pro-
duced by its working parties and the number of scientists who take part. For
instance, the most recent report from WGII is almost a thousand pages long; the
list of authors and reviewers includes more than 650 names from 74 countries.
Given the number of scientists involved, the formal review processes required
and the need to reach consensus, the IPCC is by nature a conservative body.

WGII builds on the reports of Working Group I, in which climatologists
describe the evidence that climate is changing due to human intervention, and
construct and test the computer models on which future projections of climate
are based. Such climate models are based on physical understanding of the
climate system and build upon first principles of dynamic systems. Climatic
changes due to a specified, plausible, rise in greenhouse gas concentrations can
be forecast with greater confidence at global and regional scales than can changes
occurring at a local level. How quickly greenhouse concentrations actually rise
in future will depend on many factors, including future trends in fertility, 
economic development, resource consumption levels and technological choices.
As a guide to policy-makers, scientists therefore must devise plausible scenarios
that include these features of the future world.

It has been usual to view this topic area as comprising three kinds of health
impacts. First, those that are relatively direct and foreseeable. Second, the effects
that arise via indirect processes of environmental change and ecological disrup-
tion, occurring in response to climate change. Third, diverse health conse-
quences—traumatic, infectious, nutritional, psychological and other—that occur
in demoralized and displaced populations in the wake of climate-induced 
economic dislocation, environmental decline and conflict situations.



Our understanding of the impacts of climate change and variability on human
health has increased considerably in recent years. However, research in this area
faces three main difficulties:

1. It is difficult to describe clearly the main environmental and biological influ-
ences on health, while at the same time including important interactions with
ecological and social processes. There must be a balance between complexity
and simplicity.

2. There are many sources of scientific and contextual uncertainty. The IPCC has
sought a satisfactory way to describe the level of confidence that can be
assigned to each statement about a particular health impact (see Box 3.2).

3. Climate change is one of several global environmental changes that affect
human health. Various large-scale environmental changes now simultane-
ously impinge on human population health, often interactively (2). An
obvious example is the transmission of vector-borne infectious diseases. These
are affected by: climatic conditions; population movement; forest clearance
and land-use patterns; freshwater surface configurations; human population
density; and the population density of insectivorous predators (3).

The effects of climate on the transmission biology of human diseases

Climate change involves a change in both the mean meteorological values and
variability of these values. The anticipated change in mean climatic conditions 
is expected to be a slow process, occurring over many decades. Climate variabil-
ity, however, occurs on a time-scale from weeks or months (e.g. storms and
floods) to years (e.g. the ENSO cycle, oscillating with an approximately 5-year
periodicity).

The health impacts of climate variability are, in general, likely to be more pro-
nounced over the near term than are those of climate change. For example, large
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Box 3.2 Dealing with uncertainties

Since the First and the Second IPCC Assessment Reports (1991, 1996), substantial
advances have been made in understanding the impacts on health of climate change.
Furthermore, the IPCC scientist-authors have attempted to assign a degree of confi-
dence to each of the conclusions in the Third Assessment Report (2001).

In the Summary for Policy-makers for Working Group II, the IPCC (2001) used the
following terms to indicate levels of confidence (based upon the collective judgment
of the authors):

� very high (95% or greater)
� high (67–<95%)
� medium (33–<67%)
� low (5–<33%)
� very low (less than 5%)

In some other evaluative judgements within the Third Assessment Report, the IPCC
used a qualitative scale to convey the level of scientific understanding. The scale com-
prised these categories: well established, established—but-incomplete, competing expla-
nations, and speculative.



anomalies in temperature and rainfall in a particular season could cause a
number of vector-borne and water-borne epidemics, thereafter the weather
could return to normal. Extremes of heat can cause heat exhaustion, cardiovas-
cular disease (heart attacks and strokes) while cold spells can lead to hypother-
mia and increase morbidity and mortality from cardiovascular disease. Storms,
tropical cyclones and extreme rainfall can cause immediate death and injuries,
as well as increased risk of water-borne diseases in the medium-term and psy-
chological stress on affected communities in the long-term.

Slow changes in climatic conditions may allow human populations time to
adapt. For example, people or communities may develop new ways of coping
with, or attenuating, rising residential temperatures. In contrast, abrupt climate
changes due to anomalous seasonal climate variability do not allow such 
opportunities.

The complexities of interactions between environment and host are best
shown by the example of vector-borne diseases. The success of pathogens and
vectors is determined partly by their reproductive rate. Malaria-carrying mos-
quito populations can increase tremendously within a very short time. Equally
the Plasmodium parasite species proliferates rapidly in both mosquito and human
hosts. In contrast, tsetse flies have a low reproductive rate and their populations
take much longer to increase under favourable conditions. Hence, infectious dis-
eases transmitted by the tsetse fly (including human sleeping sickness) respond
less rapidly to variations in climate than do many mosquito-borne infections.
Vectors’ ability to transmit disease is also affected by feeding frequency. Hard ticks
(such as the vectors of Lyme disease) feed more frequently and for shorter periods
than soft ticks. Hard ticks therefore tend to be much more efficient vectors of
human diseases. Overall, high vector and pathogen reproductive capacity; pref-
erence for humans as a source of blood meals; low life cycle complexity; and
high sensitivity to temperature changes result in an infectious disease that has
high sensitivity to climate variability.

While climate and environmental factors often initiate changes in the rate of
disease (e.g. triggering an epidemic) health service interventions often play a
major role in containing the spread of disease. Therefore, in disease outbreaks it
is often unclear whether the outcome is a result of either altered climatic and
environmental conditions or intervention failures. This is an example of the
general problem, it is known that climate has an effect on infections and other
health problems but it is difficult to tell how much disease and injury can be attrib-
uted to this factor.

Mathematical models provide one important means to answer the “what if?”
question about the future effects of climate change on infectious disease occur-
rence. Both biologically based and statistical-empirical models have been used in
recent years. More sophisticated integrated models are being developed to take
into account the effects of other determinants such as economics and human
behaviour. Historical examples of the health correlates of climate variability, such
as the El Niño phenomenon, also provide insights into possible future climate
and health scenarios.

The traditional role of surveillance in epidemiological assessment of diseases
may not stand up to the speed with which epidemics evolve under climate
change. Quite often it is difficult to tell whether a rise in the number of cases of
malaria is simply normal seasonal variation or the beginning of a large-scale epi-
demic. At first the number of cases grows slowly, but may rapidly move into a
phase of exponential growth, in which case the health care system may be over-
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whelmed. Hence the value of disease forecasting methods that can estimate the
size of a developing epidemic depending on the level of climate anomaly.

IPCC Third Assessment Report

Bearing in mind the general caveat that they are necessarily operating within a
penumbra of uncertainty, scientists have estimated the likely range of future
health impacts of climate change on human health. For the moment, the most
comprehensive and widely reviewed estimates come from the work of the IPCC
and the remainder of this chapter therefore provides an overview of that assess-
ment. Unless otherwise specified, all references are to the contribution of WGII
to the Third Assessment Report.

The Third Assessment Report included sectoral and regional analyses of pub-
lished literature related to impacts of climate change. The Report considered the
weight of evidence supporting its conclusions and attributed levels of confidence
to the conclusions (these can be found in the technical summary of the IPCC-
TAR: see Box 3.2 above).

The health chapter in the WGII report included a discussion of specific dis-
eases and regions that have been impacted upon by climate variability, vulnera-
ble populations and their adaptation options and capacity. The overall conclusion
was that global climate change will have diverse impacts on human health—
some positive, most negative. Changes in the frequencies of extreme heat and
cold, of floods and droughts, and the profile of local air pollution and aeroaller-
gens would affect population health directly. Other indirect health impacts would
result from the effects of climate change on ecological and social systems. These
impacts would include changes in occurrence of infectious diseases, local food
production and under-nutrition, and various health consequences of population
displacement and economic disruption.

As yet, there is little firm evidence that changes in population health status
have occurred in response to observed trends in climate over recent decades. 
A recurring difficulty in identifying such impacts is that the causation of 
most human disorders is multi-factorial, and the background socioeconomic,
demographic and environmental contexts change over time, so that conclusively
proving (or disproving) a link with climate change is highly problematic.

Direct effects on health

Heatwaves and other extreme events
Human populations have, over time, acclimatized and adapted to local climates
and also are able to cope with a range of weather changes. However, within pop-
ulations, there is a range of individual sensitivity to extreme weather events. If
heatwaves increase in frequency and intensity, the risk of death and serious
illness would increase principally in the older age groups, those with pre-exist-
ing cardio-respiratory diseases, and the urban poor. The effects of an increase in
heatwaves often would be exacerbated by increased humidity and urban air 
pollution. The greatest increases in thermal stress are forecast for mid to high 
latitude cities, especially in populations with unadapted architecture and limited
air conditioning.

Modelling of heatwave impacts in urban populations, allowing for acclimati-
zation, suggests that many United States’ cities would experience, on average,
several hundred extra deaths each summer (4). Although climate change may
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have considerable impact on thermal stress-related mortality in cities in devel-
oping countries, there has been little research in such populations. Warmer
winters and fewer cold spells will decrease cold-related mortality in many tem-
perate countries. In some instances in the temperate zones, reduced winter
deaths probably would outnumber increased summer deaths (5).

Any increase in frequency of extreme events such as storms, floods, droughts
and cyclones would harm human health through a variety of pathways. These
natural hazards can cause direct loss of life and injury and affect health indirectly
through loss of shelter; population displacement; contamination of water sup-
plies; loss of food production (leading to hunger and malnutrition); increased risk
of infectious disease epidemics (including diarrhoeal and respiratory diseases);
and damage to infrastructure for provision of health services. If cyclones were to
increase regionally, there might be devastating impacts particularly in densely
settled populations with inadequate resources. Over recent years climate-related
disasters have caused hundreds of thousands of deaths in countries such as
China, Bangladesh, Venezuela and Mozambique.

Air pollution
Weather conditions can influence the transportation of air-borne pollutants,
pollen production and levels of fossil fuel pollutants resulting from household
heating and energy demands. Climate change may increase the concentration of
ground level ozone but the magnitude of the effect is uncertain (6). For other
pollutants, the effects of climate change and/or weather are even less well
known.

Climate change is expected to increase the risks of forest and rangeland fires
and associated smoke hazards. Major fires in 1997 in south-east Asia and the
Americas were associated with increases in respiratory and eye symptoms (7). In
Malaysia, a two to three fold increase in outpatient visits for respiratory disease
and 14% decrease in lung function in school children was reported.

Aeroallergens
Experimental research has shown that doubling CO2 levels from about 300 to
600ppm induces a four-fold increase in the production of ragweed pollen (8, 9).
Pollen counts from birch trees (the main cause of allergies in northern Europe)
rise with increasing temperature (10).

Indirect effects on health

Food production and supply
Climate change will have mixed effects on food production globally. Most of the
research to date has focused on cereal grain production—an important indicator
of total food production, since it accounts for around 70% of global food energy.
The probability of reduced food yields is, in general, greatest in developing coun-
tries where it is estimated that approximately 790 million people currently are
undernourished (11). Populations in isolated areas with poor access to markets
will be particularly vulnerable to local decreases or disruptions of food supply.

Vector-borne infectious diseases
Recent studies of disease variations associated with inter-annual climate vari-
ability (such as those related to the El Niño cycle) have provided much useful
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evidence of the sensitivity to climate of many disease processes. This is particu-
larly so for mosquito-borne diseases. The combination of knowledge from such
empirical research; the resultant theoretical understanding of biological and eco-
logical processes; and the output of scenario-based modelling; leads to several
conclusions about the future effects of climate change on human populations.

Higher temperatures, changes in precipitation and climate variability would
alter the geographical range and seasonality of transmission of many vector-
borne diseases. Mostly, range and seasonality would be extended; in some cases
reduced. Currently 40% of the world population lives in areas in which endemic
malaria occurs (12). In areas with limited or deteriorating public health infra-
structure, increased temperatures will tend to expand the geographical range of
malaria transmission to higher altitudes and latitudes. Higher temperatures in
combination with conducive patterns of rainfall and surface water will extend
the transmission season in some locations. Changes in climate mean conditions
and variability would affect many other vector-borne infections (such as dengue,
leishmaniasis, Lyme disease, and tick-borne encephalitis) at the margins of their
current distributions. For some vector-borne diseases in some locations, climate
change will decrease the likelihood of transmission via a reduction in rainfall, or
temperatures that are too high for transmission.

A range of mathematical models, based on observed climatic effects on the
population biology of pathogens and vectors, indicate that climate change sce-
narios over the coming century would cause a small net increase in the propor-
tion of the world population living in regions of potential transmission of malaria
and dengue (13, 14, 15). An alternative modelling approach, based on a direct
correlation of the observed distribution of disease distribution against a range of
climate variables, suggests that there will be little change in malaria distributions,
as areas that become permissible for transmission are balanced by others that
become unsuitable for at least one climatic factor. Neither approach attempts to
incorporate the effects of socioeconomic factors or control programmes on the
distribution of current or future disease.

Water-borne infectious diseases
There are complex relationships between human health and water quality, water
quantity, sanitation and hygiene. Increases in water stress are projected under
climate change (see chapter 4, IPCC –TAR WG II), but it is difficult to translate
these changes into risk of water-related diseases.

Heavy rainfall events can transport terrestrial microbiological agents into
drinking-water sources resulting in outbreaks of crytosporidiosis, giardiasis,
amoebiasis, typhoid and other infections (19, 20, 21, 22). Recent evidence indi-
cates that copepod zooplankton provide a marine reservoir for the cholera
pathogen and thereby facilitate its long-term persistence and disseminated spread
to human consumers via the marine food-web (23). Epidemiological evidence
has pointed to a widespread environmental cause for recent outbreaks of cholera,
rather than a point source contamination as seen in Peru in 1991 and East Africa
in 1997/98. Strong links are found between cholera infections, bathing and
drinking water from east African lakes (24). Cholera epidemics also are associ-
ated with positive surface temperature anomalies in coastal and inland lake
waters (23).

Global warming is expected to lead to changes in the marine environment
that alter risks of bio-toxin poisoning from human consumption of fish and shell-
fish. For example, bio-toxins associated with warm waters, such as ciguatera in
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tropical waters, could extend their range to higher latitudes. Higher sea surface
temperatures also would increase the occurrence of algal blooms that may affect
human health directly, and which are also ecologically and economically 
damaging.

Changes in surface water quality and quantity are likely to affect the incidence
of diarrhoeal diseases (25). This group of diseases includes conditions caused by
bacteria such as cholera and typhoid as well as parasitic diseases such as amoe-
biasis, giardiasis and cryptosporidium. Infections with cholera and typhoid 
bacteria are dependent on the concentration of the pathogens in water or food.
Currently the World Health Organization (WHO) estimates more than one billion
people worldwide to be without access to safe drinking water, and that every
year approximately 1.7 million die prematurely because they do not have access
to safe drinking water and sanitation (16). Climate can increase directly the
amount of pathogen in the water through increasing the biotic reservoir of 
the infectious agent (cholera) or by decreasing the amount of water in a river or
a pond and thus raising concentration of the bacteria (typhoid). Floods can cause
contamination of public water supplies with both bacteria and parasites as surface
discharge flows into rivers and reservoirs, while drought can increase the con-
centration of pathogens in the limited water supplies. A reduction in the avail-
ability of clean water increases the risk of drinking contaminated supplies and
also reduces the amount of water available for personal hygiene thus leading to
skin infections.
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TABLE 3.1 Main vector-borne diseases: populations at risk and burden of diseases. Based on
data from reference 1, with updated DALY estimates from reference (16).

Disease Vector Population Number Disability Present  distribution
at risk currently adjusted life

infected or years losta

new cases
per year

Malaria Mosquito 2400 million 272925000 42280000 Tropics/subtropics
(40% world
population)

Schistosomiasis Water snail 500–600 million 120 million 1760000 Tropics/subtropics
Lymphatic Mosquito 1000 million 120 million 5644000 Tropics/subtropics

filariasis
African Tsetse fly 55 million 300000– 1598000 Tropical Africa

trypanosomiasis 500000
(Sleeping sickness)

Leishmaniasis Sand Fly 350 million 1.5–2 million 2357000 Asia, Africa, 
Southern
Europe, Americas

Onchocerciasis Black fly 120 million 18 million 987000 Africa, Latin America,
River blindness Yemen
American Triatomine 100 million 16–18 million 649000 Central and South

trypanosomiasis bug America
(Chagas’ disease)

Dengue Mosquito 3000 million Tens of millions 653000b All tropical countries
Yellow fever Mosquito 468 million 200000 Not available Tropical South

in Africa America and Africa
Japanese Mosquito 300 million 50000 767000 Asia

encephalitis

a The Disability–Adjusted Life Year (DALY) is a measure of population health deficit that combines chronic illness or disability and
premature death (17). Numbers are rounded up to nearest 100000.

b Other analyses suggest this value could be as high as 1800000 (18).



Effects of social and economic disruptions
In some settings, the impacts of climate change may cause severe social disrup-
tions, local economic decline and population displacement that would affect
human health (26). Of particular concern is the impact of a rising sea level (esti-
mated, with a wide band of uncertainty, at around 0.5m over the coming
century) on island and coastal populations currently living not far above the
shoreline. Population displacement resulting from sea level rise, natural disasters
or environmental degradation is likely to lead to substantial health problems,
both physical and mental.

Assessments of health impacts by IPCC region

Africa

Africa has a number of climate-sensitive diseases, the most prominent being
malaria, meningitis and cholera.

Malaria epidemics in the past 15 years have been reported mainly in the high-
lands of east Africa, Rwanda and Zimbabwe, associated with inter-annual climate
variability (such as the occurrence of El Niño events). Following flooding in 
the arid regions of Somalia and Kenya, malaria outbreaks were reported during
the 1997/98 El Niño event. Meanwhile, in the Sahel region malaria transmission
has declined in the past 30 years due to long-term drought.

From 1931 (when Rift Valley Fever was first described) until the end of the
1970s, the disease was considered to be a relatively benign zoonosis that devel-
oped periodically in domestic animals (especially sheep) following heavy rains
(27). Thereafter extensive research on mosquito vectors of Rift Valley Fever in
Kenya (mainly Aedes and Culex species) clearly has linked the risk of outbreaks
with flooding (28). Following the 1997/8 El Niño event in East Africa, a Rift
Valley Fever outbreak in Somalia and northern Kenya killed up to 80% of live-
stock and affected their owners (29). In West Africa the disease is linked to 
epizootic diseases with increased risks during the wet season. The IPCC (2001)
concluded that increased precipitation as a consequence of climate change will
increase the risk of infections of this kind to livestock and people.

Currently the seventh cholera pandemic is active across Asia, Africa and South
America. During the 1997/98 El Niño, the rise in sea-surface temperature and
excessive flooding (29) provided two conducive factors for cholera epidemics
which were observed in Djibouti, Somalia, Kenya, Mozambique and the United
Republic of Tanzania, all of which border the Indian Ocean. Cholera epidemics
also have been observed in areas surrounding the Great Lakes in the Great 
Rift Valley region. A significant
association between bathing,
drinking water from Lake 
Tanganyika and the risk of
infection with cholera has 
been found (24). It is likely that
warming in these African lakes
may cause conditions that
increase the risk of cholera
transmission.

Major epidemics of bacte-
rial meningococcal infection
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TABLE 3.2. Summary of the number of countries in Africa
that reported disease outbreaks to WHO from January
1997 to June 1999 (1).

Disease 1997 1998 1999 January–July

Malaria 0 2 2
Rift Valley Fever 0 4 1
Yellow Fever 1 1 0
Meningitis (bacterial) 3 2 4
Plague 2 1 2
Cholera 8 10 7
Dengue 0 0 0



usually occur every five to ten years within the African meningitis belt, and typ-
ically start in the middle of the dry season and end a few months later with the
onset of the rains (30). Between February and April 1996, the disease affected
thousands of people in parts of northern Nigeria, many of whom died (31). This
epidemic spread from the traditional meningitis belt to Kenya, Uganda, Rwanda,
Zambia and the United Republic of Tanzania (32). One of the environmental
factors that predispose to infection and epidemics is low humidity (33). To 
date this disease has been limited to the semi-arid areas of Africa, suggesting 
that future distribution could expand due to increased warming and reduced 
precipitation.

Plague is a flea-borne disease and the major reservoirs of infection are rodents
such as the common rat. Rodent populations fluctuate widely with the avail-
ability of food which in turn depends on rainfall. Exceptionally heavy rainfall
can increase food abundance; as a consequence the population of rodents and
fleas may multiply rapidly. During severe droughts, rodents may leave their wild
habitats in search of food in human houses and this can also increase the risk of
plague transmission. Plague outbreaks in Africa have in the last few years been
reported in Mozambique, Namibia, Malawi, Zambia and Uganda (See Table 3.2
above).

Asia

In Asia, as in Africa, the main health concerns under climate change and vari-
ability are malaria and cholera, but thermal stress and air-pollution related ill-
nesses also are important. Malaria still is one of the most important vector-borne
diseases in India, Bangladesh, Sri Lanka, Thailand, Malaysia, Cambodia, the Lao
People’s Democratic Republic, Viet Nam, Indonesia, Papua New Guinea and parts
of China. Vector resistance to insecticides, and parasites’ to chloroquine, com-
pound the problem of malaria control. The IPCC concluded that changes in envi-
ronmental temperature and precipitation could expand the geographical range
of malaria in the temperate and arid parts of Asia.

Water-borne diseases such as cholera, and various diarrhoeal diseases such as
giardiasis, salmonellosis and cryptosporidiosis, occur commonly with contami-
nation of drinking water in many south Asian countries. These diseases could
become more frequent in many parts of south Asia in a warmer climate.

The direct effects of heat are important public health issues in this region. The
heat index (derived from daily mean temperature, and humidity) is closely
related to the occurrence of heat stroke in males aged 65 years and above resid-
ing in Tokyo. In the city of Nanjing, China, a marked increase in the number of
heat stroke patients and mortality was observed when the maximum daily 
temperature exceeded 36°C for 17 days during July 1988. Similar events were
observed when the temperature exceeded 31°C in Tokyo, Japan.

Australia and New Zealand

In Christchurch, New Zealand, an increase of 1°C above 21.5°C was associated
with a 1.3% increase in all-cause mortality. There were more than the expected
numbers of deaths in winter also, although this was not statistically significant.
Since 1800, deaths specifically ascribed to climate hazards have averaged about
50 per year in Australia (34), of which 60% are estimated to be caused by heat-
waves, 20% by tropical cyclones and floods. Climate change would increase the
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number of heatwaves in Australia but the future frequency of storms and floods
is less certain.

In Australia the number of notified cases of arbovirus infections (caused by
insect-borne virus) appears to have increased in recent years. Exotic species such
as Aedes albopictus and Aedes camptorhynchus, competent vectors of (respectively)
the dengue and Ross River viruses, have been detected in New Zealand. Out-
breaks of Ross River virus disease and Murray Valley encephalitis in south-
eastern Australia tend to follow heavy rainfall events. In south-western Australia
the major vector for Ross River virus is the salt-water breeding mosquito Ae.
camptorhynchus, and variations in sea level have been associated with outbreaks.
Climate scenarios suggest that conditions in some parts of Australia and New
Zealand will become more favourable for the transmission of several vector-
borne diseases. However, whether this potential risk will translate into an
increase in cases of disease will depend on other factors such as the maintenance
and expansion of the public health surveillance and response system.

Ozone and other photochemical oxidants are a concern as air pollutants in
several major Australian cities and in Auckland, New Zealand (35). In Brisbane,
Australia, current levels of ozone and particulates have been associated with
increased hospital admission rates (36). Warm weather promotes formation of
these pollutants, although other factors such as wind speed and cloud cover are
also important, if more difficult to anticipate.

Europe

The major impacts of climate change and variability on health in Europe are
mainly via thermal stress and air pollution, vector and food-borne diseases,
water-related diseases and flood effects.

In many European cities total daily mortality rises as summer temperatures
increase. Heatwaves in July 1976 and July–August 1995 were accompanied by
a 15% increase in mortality in Greater London and particularly from cardio-
respiratory diseases at older age (37, 38). A major heatwave in July 1987 in
Athens was associated with 2000 excess deaths (39, 40). Warmer winters,
however, would result in reduced cold-related mortalities. It has been estimated
that 9000 deaths per year could be avoided by 2025 in England and Wales under
a 2.5°C increase in average winter temperature (41).

With deteriorating health systems, the recent resurgence of malaria in south-
eastern Europe could be amplified by a warmer climate. Small numbers of locally
transmitted cases currently occur in the Mediterranean region (42). However,
existing public health resources and reduction of breeding habitats for Anopheles
mosquitoes make it unlikely that malaria will re-emerge on a large scale in
western Europe, whatever changes take place in the climate. There has been no
dengue transmission in Europe in recent times, but the appearance of the vector
Aedes albopictus in Italy and Albania is a matter of concern.

The two common forms of leishmaniasis: visceral and cutaneous, are trans-
mitted to humans and dogs in all the Mediterranean countries by phlebotomine
flies (43). This disease is associated with dry habitats. Higher temperatures are
likely to shift northwards the range of the disease.

Lyme disease and tick-borne encephalitis (TBE) are transmitted by hard ticks
such as Ixodes ricinus and I. persulcatus found in the temperate regions of Europe.
Recent observations in Sweden suggest that the incidence of TBE has increased
following milder winters in combination with extended spring and autumn in
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two successive years (44). There is also some evidence that the northern limit of
the tick’s distribution in Sweden has shifted northwards as a result of a higher
frequency of milder winters (44, 45, 46), although this relationship remains con-
tentious (47). Climate change may extend the tick-borne disease transmission
season and also its range towards the north, but disrupt transmission in more
southerly regions (48).

Some countries in eastern Europe with restricted access to water at home
could be affected by any climate-related decrease in supplies. For instance, an
increase in the frequency and intensity of extreme precipitation could increase
the risk of transmission of cryptosporidiosis.

The distribution of carriers of food-borne diseases such as flies, cockroaches
and rodents could change due to climate change. In the United Kingdom of Great
Britain and Northern Ireland, a study of food-borne illness found a strong rela-
tionship between incidence and temperature in the month preceding the illness
(49).

Leptospirosis, a disease associated with flooding, is a major concern in some
parts of Europe. Outbreaks of the disease have been reported following floods in
Ukraine and the Czech Republic in 1997 (50, 51) and Portugal in 1967 (52). As
well as the direct injuries and infections resulting from flooding, psychological
distress including cases of suicide has been associated with the event.

Latin America

Like other regions located in the tropics, some parts of Latin America are home
to many tropical infectious diseases such as malaria, dengue, leishmaniasis,
yellow fever, Chagas’ disease and cholera. The regional assessment of health
impacts in the region indicated that the main concerns are heat stress, malaria,
dengue, cholera and other water-borne diseases. The region also has been par-
ticularly affected by extreme weather events, notably those associated with El
Niño.

Although Latin America is home to many vector-borne diseases, few cases of
climate driven diseases outbreaks were reported in the Third Assessment Report
of the IPCC. However, it was noted that near the equator in Iquitos, Peru, the
seasonality of malaria transmission is driven by small temperature fluctuations
of 1–2°C (53). Changes of this magnitude can be expected to occur with global
warming and this may drive disease transmission to higher altitudes and lower
latitudes in Latin America. However, in some parts of the region, increases in
temperature could reduce malaria transmission as has been observed in the
southern part of Honduras.

In semi-arid zones in Mexico, rainfall has been observed to cause outbreaks
of bubonic plague (54), probably as a result of an increase in the rodent reser-
voirs. Rodents escaping floods in Colombia are suspected to have been the
primary cause of leptospirosis outbreaks. The effects of water-borne diseases are
well documented in this region. Between 1991 and 1996 cholera affected 21
counties in Peru resulting in almost 200000 cases and 11700 deaths. Climate
variability was linked to later outbreaks in Peru and Ecuador during the 1997/98
El Niño event. Besides cholera in Peru, other diarrhoeal diseases such as Salmo-
nella typhi have been linked to environmental change, climate and sanitary 
conditions.

Considering all causes of disease and injury, it is apparent that the El Niño
weather phenomenon has particularly strong effects on health in Latin America.
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In 1983, during a particularly strong event, total mortality increased by 40% and
infant mortality by 103% in Peru (55).

North America

The direct impacts of climate change and variability in this region include heat
stress, injury and mortality due to convective storms, floods, hurricanes, torna-
does and ice storms.

Photochemical smog and fine particulate matter are important environmen-
tal health issues in this region. It is unclear precisely what effect climate change
will have on urban air quality in North America, but higher temperatures
increase the risk of significant photochemical smog. In 1997, approximately 107
million people in the United States lived in counties that did not meet air quality
for at least one regulated pollutant (56), while more than half of Canadians live
in areas where ground level ozone may reach unacceptable levels during summer
months (57). In the United States floods are the most frequent, and the leading
cause of death from, natural disasters. The mean annual loss of life has been esti-
mated to be 147 deaths (56). In Canada the Red River flood of 1997 displaced
more than 25000 people (58).

The areas of the United States most vulnerable to heat-related illnesses appear
to be the north-east and mid-west. Recent examples of heat-related deaths
include 118 persons in Philadelphia in 1993 (59), 91 persons in Milwaukee and
726 in Chicago in 1995 (60). In Canada, the urbanized area of south-eastern
Ontario and Quebec could be affected very negatively by warmer temperatures
as shown by modelling studies (61). However, warmer winters could result in
fewer cold related deaths.

The frequency of natural disasters may be increasing in the United States.
There were less than 20 natural disasters reported annually in the 1950s and
1960s, but more than 40 per year in the 1990s (62). Ice storms can have very
large negative impacts, as demonstrated by the January 1998 event—this left 45
dead and nearly 5 million people without electricity in winter in Ontario, Quebec
and New York (63).

Several vector-borne diseases are endemic in North America. The World
Health Organization declared the United States free of malaria in 1970, while in
Canada the disease disappeared at the end of the nineteenth century. However,
other climate sensitive vector-borne diseases in the United States include 
Lyme disease, Rocky Mountain spotted fever, St Louis encephalitis (SLE), western
equine encephalitis (WEE) and snowshoe hare virus (SHV). Dengue transmis-
sion occurs in Mexico and to a much lesser extent in Texas. Hantavirus is now
the major rodent-borne disease, and cryptosporidiosis and giardiasis the most
common water-borne diseases.

Lyme disease is the most common vector-borne condition in the United States,
approximately 10000 cases being reported in 1994. However, in Canada where
the tick vector has been reported, no disease transmission has been detected. It
is expected that, with climate change, Lyme disease and Rocky Mountain spotted
fever could spread to Canada.

Hantavirus infection (in humans a severe disease with a mortality rate around
40%) was associated with unusually prolonged rainfall in the 1991–92 El Niño
(64), and by 1999, 231 cases had been reported in the United States (56). A
number of cases subsequently have been reported in Canadian provinces of
British Colombia, Alberta and Saskatchewan. This disease is sensitive to changes
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in climate and ecology, but because of difficulties in predicting local rainfall it is
difficult to predict the likely changes in the prevalence of hantavirus pulmonary
syndrome in the United States and Canada (57).

Of the water-borne diseases, giardia cysts are fairly common in treated water
in Canada (18.2%) and very frequent in raw sewage samples (73%) (65). The
pathogen cryptosporidium also is widely distributed and capable of causing large-
scale outbreaks. For example, in 1993, more that 400000 cases (including 54
deaths) from a cryptosporidium outbreak were reported in Milwaukee, Wiscon-
sin (66). A positive correlation between rainfall, concentration in river water and
human diseases has been noted for both cryptosporidiosis and giardiasis.

Polar regions

At the time of the Third Assessment Report of the IPCC no studies were avail-
able on the impacts of climate change on human health in the polar region. A
number of studies have been conducted subsequently and a summary report, the
Arctic Climate Impact Assessment, is being prepared by the Arctic Council (an
intergovernmental forum of countries making up the Arctic region), and the
International Arctic Science Committee (a non-governmental organization for
research and co-operation in the region).

Small island states

Many tropical islands report outbreaks of vector-borne and water-borne infec-
tious diseases that are attributed, in part, to changes in temperature and rainfall
regimes. In some regions, e.g. the Pacific, it has been noted that extreme weather
events appear to be occurring at a greater frequency than elsewhere (67). As a
consequence, physical injuries arising from these events can be expected 
to increase. Some of the small island states such as the Bahamas, Kiribati, the
Marshall Islands and the Maldives are a mere 2–4m above sea level, which 
predisposes them to inundation with seawater and consequent salinization of
fresh water supplies and flooding from sea level rise.

Post-TAR assessments

The IPCC TAR assessment ended in 2001, however other regional and country
specific assessments have since begun. In Europe and a number of developing
countries, a post TAR assessment on adaptation strategies is being carried out
2001–2004. The results of these assessments will be reviewed in the fourth assess-
ment of the IPCC.

Conclusions

The IPCC found that global climate change will affect human health in many
ways. Overall, negative effects are expected to outweigh positive impacts. Impor-
tant influences on health will include changes in the frequency and intensity of
extremes of heat, cold, droughts, floods, hurricanes, tornadoes and other forms
of extreme weather. Climate change also will impinge on health by disrupting
ecological and social systems, resulting in changes in infectious disease trans-
mission, food production, air pollution, population displacement and other forms
of social disruption.
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Climate change impacts on health that were judged to be of high confidence
included increased heat-related mortality and morbidity; decreased cold-related
mortality in temperate countries; greater frequency of infectious disease epi-
demics following floods and storms; and substantial health effects following pop-
ulation displacement from sea level rise and increased storm activity.

For each of the potential impacts of climate change it is possible to identify
groups that will be particularly vulnerable to disease and injury. For instance,
those most at risk of suffering harm from thermal extremes will include socially
isolated city dwellers, the elderly and the poor. Populations living at the present
margins of malaria and dengue, and without effective primary health care, will
be most susceptible if these diseases expand their range in a warmer world.

The IPCC report shows that understanding of the links between climate,
climate change and human health has increased considerably in the last ten
years. However, there are still many uncertainties. There are many gaps in
knowledge of exposure, vulnerability and adaptability of physical, ecological and
social systems to climate change. The next chapter explores the challenges faced
by researchers as they strive to fill these gaps and provide a stronger informa-
tion base for responses to climate change.
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Introduction

Chapter 3 describes ways in which climate change may affect human health and
summarizes the findings of the Third Assessment Report of the IPCC (1). This
chapter looks ahead and considers the challenges awaiting researchers who seek
to advance knowledge of this area beyond what is contained in reports from the
IPCC and other bodies. This begins with an outline of important ways in which
climate change is different from other environmental health problems and
explores the implications for researchers.

The biggest challenge is scale. Both the geographical spread of climate-related
health problems and the much elongated time spans that often apply, are largely
unfamiliar to public health researchers. Research on climate change typically is
conducted on three time-scales:

1. relatively short periods between altered climate (expressed as weather) and
the effects on health.

2. intermediate time periods that include recurring, inter-annual events like El
Niño and La Niña.

3. longer intervals (decades or centuries) between the release of greenhouse
gases and subsequent change in the climate. This category of research is most
troublesome to standard epidemiological methods.

Researchers in the public health sciences are accustomed to studying geographi-
cally localized problems that have a relatively rapid onset and impact directly on
human health. There are exceptions (e.g. the global spread of AIDS and tobacco-
related diseases) but, typically, health problems (and control strategies) are defined
by boundaries at a finer scale: neighbourhood, town or province. The standards
that researchers bring to the evaluation of evidence frequently are born out of an
experimental research tradition. In this vein the natural unit of observation tends
to be the individual rather than the group and when thinking about causes the
emphasis lies on specific agents acting downstream in the causal process.

Weather and climate variability do not fit well the conventional research
model, partly because there is no easily identified unexposed control group and
little variation in exposures between individuals in a geographical region. Con-
sequently, studies of the effects on health of weather and climate variability need
to use ecological designs (in which the study unit is a population). Following a
period when population-based studies were somewhat out of favour, epidemi-
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ologists are re-visiting their use and exploring ways in which evidence from 
ecological investigations can be combined with information collected at the 
individual level (2). While the exposure is common to a geographical area, there
are frequently variations in coping capacity that cause considerable differences
in outcomes. For example, excess mortality in the 1995 Chicago heatwave varied
almost one hundred-fold between neighbourhoods as a result of factors such as
housing quality and community cohesion (3).

Other important differences from traditional environmental exposures are the
directness of the association between exposure and disease, and the degree to
which interactions and feedbacks could occur. There are many pathways—some
more direct than others—through which climate change could affect human
health (see chapter 2): the effects of temperature extremes on health are direct,
while the effects of changes in temperature and cloud cover on air pollution-
related diseases involve several intermediate steps. Similarly, ecosystem change
will be one mediator of the potential effects of changes in temperature and pre-
cipitation on vector-borne diseases. As another example, climate change may
increase the amount of time taken for stratospheric ozone levels to return to pre-
industrial concentrations. This delay could be decades or longer than expected
under the Montreal Protocol (1). During this time, increased exposure to UV radi-
ation is expected to continue to increase rates of skin cancer, cataracts and other
diseases (see chapter 8).

Hypotheses of the effects of climate on health cannot be tested in experimental
studies because climate cannot be assigned at the whim (random or otherwise)
of the investigator. It may be possible to study some early effects using standard
observational methods. However, the effects of future climate variability and
change can be estimated only by analogue studies, using current weather or
climate variability (such as El Niño events—chapter 5) that mimics in some way
what might be expected under climate change, or by models. Such models cannot
predict what will happen, but instead sketch out what would occur if certain con-
ditions were fulfilled. Some—at least in theory—could assign probabilities, such
as the chance of sea level rise along the coast of the United States of America
over t he next 100 years. Ideally, models include scenarios of future societal, eco-
nomic and technological conditions, since the impact of climate depends very
heavily on these factors. It is important for these models to capture the effects
of humans as an added stressor on the environment, and their ability to respond
to change. Climate/health models should be informed but need not be con-
strained by historical data. For example, it is possible to construct a simulation
model based upon assumed conditions and processes (e.g. with thresholds and
non-linearities) different to those experienced historically.

The less than ideal fit between the problems and available study methods pre-
sents a challenge; this chapter describes some of the ways in which researchers
are responding. Developments include new ways of estimating the impacts of
future threats (such as scenario based assessments). Methods applied elsewhere
to the study of complex non-linear systems are being translated to the health
sphere (e.g. modelling of infectious disease). A more sophisticated approach to
uncertainty assessment includes not only statistical sources of error (arising from
sampling processes) but also the uncertainty that results from judgements that
must be made to bridge knowledge gaps. Whereas in the past the variability in
response between study units tended to be regarded as noise around the expo-
sure-outcome signal, now this variability is seen as important in its own right.
For example, to learn about possible mechanisms of adaptation to extreme
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weather events, researchers in the United States have investigated the reasons
for wide variations in the change in mortality for a given increase in daily tem-
perature in cities (4).

The main tasks of public health science in assessing the potential health effects
of climate variability and change (Figure 4.1) include:

• establishing baseline relationships between weather and health (introduced
in chapter 2)

• seeking evidence for early effects of climate change (discussed in detail in
chapter 10)

• developing scenario-based models (referred to in a number of chapters)
• evaluating adaptation options (discussed in detail in chapter 11)
• estimating the coincidental benefits and costs of mitigation and adaptation.

Consideration of the links between science and policy development must be
incorporated in each of these steps. More precisely, the question is how science
can best inform decision-makers in a timely and useful fashion.

Tasks for public health scientists

Establishing baseline relationships

For centuries the relation between weather and health has attracted attention.
However, interest in the topic has increased following the first signs that human
activity may be influencing the world’s climate. There are many unresolved 
questions about the sensitivity of particular health outcomes to weather, climate
variability and climate-induced changes in environmental conditions critical 
to health. Yet a good deal is known about the effects of weather on aspects 
of human health, as shown in the following example.

The major pathogens responsible for acute gastroenteritis multiply more
rapidly in warmer conditions so it would be expected that higher temperatures
would be associated with greater risk of illness, all else being equal. This appears
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to be the case: over the last 30 years the number of notifications of salmonella
infections in New Zealand has been clearly related to the average temperature
during the same month. (Figure 4.2).

To investigate the relation between ambient temperatures and the rate of
enteric infections, Bentham and colleagues collected British data on all cases of
food poisoning in a ten year period (1982–1991) (5). Statistical models of the
relationship between the monthly incidence of food poisoning and temperatures
were developed. The numbers of reported cases were compared with tempera-
tures of both that and the previous month, on the basis of the known biology.
An association was found with both temperature measures although the previ-
ous month showed the stronger effect. This suggests that temperature may act
through effects on storage, preparation and hygiene close to the point of con-
sumption. The even stronger relationship with the temperature of the previous
month suggests the possible importance of conditions earlier in the food pro-
duction process. It is important to emphasize that correlation is not causality;
more work is needed to understand the mechanisms by which environmental
change affects disease risk.

The challenges faced by researchers investigating base-line relationships are
similar to those faced in public health sciences generally. They include difficul-
ties with accurately measuring outcomes, obtaining meaningful assessments of
the exposure and dealing with large numbers of potential confounding factors.
In the case of the studies reported here, month-by-month variations in notifica-
tions of infectious disease are not likely to be due to reporting artefact. Changes
in the accuracy of diagnosis and completeness of reporting are a greater concern
when long-term time trends are analysed.

Seeking evidence for early health effects of climate change

The changes in the world’s climate in the past 50 years or so are remarkable
when compared with patterns over the past 10000 years. The rate of change of
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FIGURE 4.2 Relationship between mean temperature and monthly reports of
Salmonella cases in New Zealand.
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atmospheric concentrations of greenhouse gases is outside human experience
and recently the rise in average temperatures has exceeded what is considered
the bounds of natural variability (chapter 2). It would seem reasonable therefore
to look for evidence of early health effects of climate change: changes in health
outcomes that become apparent soon after the onset of climate change. The
Intergovernmental Panel on Climate Change (chapter 3) considered the follow-
ing lines of evidence:

• observed variations in disease incidence and range in association with short
term climate variability;

• long-term disease trends and the factors that may be responsible;
• projections based on first principle relations between temperature and the

development of disease;
• empirical disease models based on the current geographical distribution of

climate-sensitive diseases.

There are many studies of physical and biological systems reporting a variety of
phenomena linked to long-term, decade-scale change in temperature and rain-
fall. These include events such as permafrost melting, ice sheets breaking up and
glaciers retreating. Biological changes associated with climate alteration include
lengthening of growing seasons, earlier flowering, changes in egg laying and
poleward shift in distribution of a number of insects (6). In one example of this
kind of work (and showing climate change to have positive as well as negative
effects) Nicholls charted changes in Australian wheat yields from 1952 to 1996
(7). Over this period the average yield increased from 1.1 to almost 1.6 tonnes
per hectare. In the same years the diurnal temperature range fell by almost 
0.5°C, largely as a consequence of warmer overnight temperatures (relevant
because wheat is sensitive to frost). Several techniques were used to attempt to
control for non-climatic influences such as changes in crop types and land use
patterns. Especially persuasive was the strong correlation between year-to-year
variation in temperature range and wheat yield. On the basis of these data
Nicholls estimates that climate trends in the second half of the twentieth century
(including natural and human-induced climate change) were responsible for
30–50% of the observed increase in wheat yields.

There are few reports of the effects of climate change on human health to
match the range of observations on physical and ecological effects. Lindgren has
reported geographical changes in tick-borne encephalitis in Sweden that match
shifts in both the vector and long-term climate. She observed also a northward
extension of the tick population following a trend of warmer winters (8). In
Africa some investigators have reported changes in the occurrence of malaria
(including rising altitude limits) that they think unlikely to be due to changes in
land-use patterns, increasing drug resistance or diminishing effectiveness of
health services (9). A good deal has been written about associations of weather
and health, but apart from the examples given here there are few studies docu-
menting effects that might be attributed to year on year change in climate.

Why the relative paucity of evidence of early health impacts? Our species is
not immune to changes in climate—there are plenty of studies reporting acute
effects of extreme weather such as heatwaves, floods and storms, and short-term
variations in climate such as El Niño (10, 11). Less work is being done in this
area than in the natural sciences—that is, the denominator (all climate/health
research) is smaller. More importantly, research on free-living human popula-
tions includes a layer of complexity that does not apply to investigators working
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with butterflies, ticks or wheat. Not only are there non-climatic confounding
factors but also there is the phenomenon of social adaptation. Humans are 
unrivalled in their capacity to adapt to changing environmental circumstances.
European butterflies have no choice but to head north when it heats up; 
humans have many coping strategies at their disposal from planting shade trees,
changing hours of work or making use of cooler times of the day, to installing
air-conditioning.

Time trends in disaster losses show how effectively humans can protect them-
selves against climate. In the United States in the 1900s, hurricane damages in
constant dollar terms increased from about US$ 5 billion in the 1930s to more
than US$ 30 billion in the 1990s. This increase was due principally to massively
increased exposure to financial losses (resulting from new settlements on flood
plains and in coastal regions) rather than any change in the frequency or sever-
ity of storms. Over the same period the number of deaths due to hurricanes was
reduced ten-fold. In the United States the effect of improved communications,
early warning systems, transport, building standards and other elements of civil
defence has been to insulate the population to a large extent from the effects of
climate extremes (12).

The challenge for public health scientists is to pick the settings, populations
and health outcomes where there is the best chance of firstly, detecting changes
and secondly, attributing some portion of these to climate change. This means
seeking research opportunities where the necessary information can be found:
because climate change spreads over decades, time series data on outcomes and
confounders over a similar period are required. From first principles, impacts are
likely to be seen most clearly where the exposure-outcome gradient is steepest
and adaptive capacity weakest. Attribution is most straightforward when there
are few competing explanations for observed associations and when these links
can be clearly specified.

With such conditions in mind, what are the best bets for studies of early
effects? Vector-borne diseases may be relatively sensitive indicators because
transmission involves intermediate organisms, such as mosquitoes, open to envi-
ronmental influences. Intestinal infections (food poisoning) show very strong
seasonal patterns (suggesting a powerful effect of climate variability) and have
been routinely reported for many years (although the data are known to be
incomplete). Deaths, injuries and illnesses caused by extreme events (such as
heatwaves, cold spells, floods and storms) satisfy the condition of few compet-
ing explanations, but in many populations it may be difficult to distinguish 
the climate change signal from much stronger mitigating effects of social and 
economic development.

Developing scenario-based models (future effects)

With climate change, researchers are attempting to quantify future effects of
future weather exposures and, more fundamentally, trying to understand and
delineate the magnitude of future risks. The risks arise from a wide range of dis-
eases and injuries, some readily quantified (e.g. deaths due to storms and floods)
others more difficult to capture statistically (the health consequences of food
insecurity). Whether the potential for climate-related disease is translated into
actual occurrence of death and illness depends on both how quickly the climate
changes and how successfully humans adapt to new conditions. Interacting expo-
sures may make it difficult to forecast dose-response relations from historical
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data: a study of 29 European cities found the effect of particulate air pollution
on daily mortality was almost three times stronger in the warmest cities than in
the coldest (13). This suggests that at least some part of the effects of rising tem-
peratures will be dependent on future trends in urban air pollution. Multidisci-
plinary research is required to make progress in this field: modelling changes in
future socioeconomic status and examination of its implications for susceptibil-
ity will require health scientists, economists and experts from other disciplines
to work together.

One response to this challenge has been the development of integrated assess-
ments, a term that has been variously defined. Under one definition, “integrated
assessment is an interdisciplinary process of combining, interpreting, and com-
municating knowledge from diverse scientific disciplines in such a way that the
whole set of cause-effect interactions of a problem can be evaluated from a syn-
optic perspective with two characteristics: it should have added value compared
to single disciplinary oriented assessment; and it should provide useful informa-
tion to decision-makers” (14). The essential points in this definition are synthe-
sis (combining information from more than one discipline) and application to
decision-making. The integration may be horizontal (between disciplines) or ver-
tical (bringing together assessments at different levels of complexity within the
one discipline). An example of the former is an assessment of the impact of
climate change on the prevalence of hunger, which was based on climate fore-
casts, plant science, demographic scenarios and economic models of food trade
(15). A vertical assessment is exemplified by the work done by UV researchers
to estimate impacts of stratospheric ozone depletion on skin cancer rates (16).
Such approaches have proven useful in evaluating potential impacts of climate
change other than effects on human health, and are beginning to be applied to
a range of climate change and health issues (17). The goal of integrated assess-
ment is to provide insights that cannot be gained from traditional, single disci-
plinary research (see chapter 12 discussion about prioritization of research
agenda). An example of integrative assessment is the inclusion of pathogen trans-
mission dynamics; contextual elements such as changing land use; and demo-
graphic forces such as population movement into an evaluation of the potential
impacts of climate change on infectious diseases (17). Integrated assessment also
allows evaluation of how feedback mechanisms and adaptation measures could
change the system response. As with any type of risk assessment, the choices
about which variables to include (or exclude) may make a big difference to the
conclusions.

Modelling is one of several methods employed to conduct an integrated assess-
ment. An array of component models of varying degrees of complexity (from
simpler parametric to more detailed process-oriented models) is developed, each
with mathematical representations of cause-effect relationships. These are linked
to show the interrelationships and feedback mechanisms among the key com-
ponents. The resulting framework aids the identification and prioritization of sci-
entific uncertainties. Sensitivity analyses can be conducted to understand better
the sensitivity of the system to changes in each relationship (17). Although mod-
elling is useful for risk categorization, it can imply more precision than is appro-
priate where full data are absent, and relevant available data may be excluded
or overemphasized. In addition, the technical limitations of the model might
defeat the ultimate value of the analysis (18).

If integrated models are to advance understanding of phenomena such as
climate change, they must simulate to some degree the interrelationships and
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feedbacks that occur in complex systems. If the results are to be widely accepted
and applied, these models must be congruent with the points of view and under-
standings of those who are ultimately the users of the information. Studies 
indicate that integrated assessments are more likely to be accepted when they
incorporate a variety of methods (demonstrating that similar answers are
obtained via different routes), include multiple objectives (since users are likely
to be concerned with a range of outcomes) and when the users receive imme-
diate feedback on the implications of changing key parameters (19, 20).

Evaluating adaptation options

Adaptation means taking steps to reduce the potential damage that occurs when
the environment changes. As a policy option this approach has a number of
attractions. First, it offers opportunities for win-win strategies (building adaptive
capacity to risks under current conditions may be beneficial, regardless of future
climate change). Second, it recognises that—to some extent—the world is com-
mitted to climate change. Even if immediate substantial reductions were made
in greenhouse emissions, over the next 50 years the planet would continue to
warm and sea levels continue to rise for hundreds of years due to the time it
takes for basic global systems to reach a new equilibrium.

The reason why some systems cope better than others when stressed has
attracted the interest of researchers in many disciplines. Geneticists have been
intrigued by the particular sensitivity of some populations to introduced infec-
tions, and some have proposed that variability (in genotypes) might be an impor-
tant protective factor (21). Ecologists have explored the attributes of ecosystems
that are relatively robust under pressure. Complexity or interconnectedness and
diversity are two elements that appear to enhance adaptability. Diverse plant
communities, for example, are more effective than simple communities in fixing
atmospheric carbon (22) and more stable in the face of severe environmental
stress such as drought (23). The distribution of risk also is important. Amory
Lovins has described a resilient energy system as “one that has many relatively
small dispersed elements, each having a low cost of failure. These substitut-
able components are interconnected, not at a central hub but by many short,
robust links” (24). This is analogous to the system of veins that distributes 
nutrients through the leaves of a tree, or the electronic links that make up the
Internet. It might be a model for secure food supplies or robust global health
care.

Public health researchers have applied many of these ideas when investigat-
ing why some populations are more vulnerable than others to disease and injury.
Studies of disaster preparedness have emphasized the importance of diverse com-
munity networks, both formal and informal (25). Populations dependent on a
few staple foods are at greater risk of famine than those with a variety of foods
(26). Studies of historical climate-related disasters have shown that political struc-
tures and economic arrangements are very important in modifying the effect of
droughts and other extreme events on health outcomes (27).

When applied to climate change, vulnerability may be defined as the degree
to which a system is susceptible to, or unable to cope with, the adverse effects
of climate change including variability and extremes. Components include the:

• extent to which health, or the natural or social systems on which health
outcomes depend, are sensitive to changes in weather and climate (i.e.
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exposure-response relationship—drinking water contamination associated
with heavy rainfall);

• exposure to the weather or climate-related hazard (includes character, 
magnitude and rate of climate variation);

• adaptive capacity—the ability of institutions, systems and individuals to
adjust to potential damages, take advantage of opportunities, or cope with
the consequences (for example: watershed protection policies, or effective
public warning systems for boil-water alerts and beach closings) (1).

Individual, community and geographical factors all contribute to capacity to
adapt to change in climate (Table 4.1). These include the level of material
resources, effectiveness of governance and civil institutions, quality of public
health infrastructure, access to relevant local information on extreme weather
threats, many other socioeconomic factors, and pre-existing level of disease (28).

Scheraga and Grambsch propose several principles for policy-makers consid-
ering options for adaptation (29). First, the principle of heterogeneity: the effects
of climate change will vary by region, between different demographic groups and
over time. This means that adaptive responses need to be specific to a particular
setting. Second, the effects of climate change will not occur in isolation from
other social and environmental stressors so adaptation must take account of coin-
cidental factors such as population growth and environmental degradation.
Third, the costs and effectiveness of adaptive options must be weighed when
setting priorities (current efforts to cope with climate variability may provide a
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TABLE 4.1 Examples of factors affecting vulnerability.

Level Influence on vulnerability Description

Individual Disease status Those with pre-existing cardiovascular disease, for 
example, may be more vulnerable to direct effects such
as heatwaves

Socioeconomic factors Poor in general are more vulnerable
Demographic factors Elderly are more vulnerable to heatwaves, infants to

diarrhoeal diseases
Community Integrity of water and sanitation 

systems and their capacity to resist
extreme events

Local food supplies and distribution
systems

Access to information Lack of early warnings of extreme events
Local disease vector distribution and 

control programmes
Geographical Exposure to extreme events Influence of El Niño cycle or occurrence of extreme

weather events more common in some parts of the
world

Altitude Low-lying coastal populations more vulnerable to the
effects of sea level rise

Proximity to high-risk disease areas Populations bordering current distributions of vector-borne
disease may be particularly vulnerable to changes in
distribution

Rurality Rural residents often have less access to adequate health 
care; urban residents more vulnerable to air pollution 
and heat island effects

Ecological integrity Environmentally degraded and deforested areas more
vulnerable to extreme weather events.

Source: reproduced from reference 1.



guide to this). Lastly, it is important to bear in mind that attempts at adaptation
can do more harm than good: poorly designed coastal defences may increase vul-
nerability to storms and tidal surges if they engender a false sense of security and
promote settlement in marginal coastal areas.

Estimating ancillary benefits and costs

Decisions on climate change are driven largely by the anticipated consequences
in the medium and long-term future. However, steps taken to reduce emissions
of greenhouse gas (mitigation) or to lessen the impact of climate change on
health (adaptation) may have immediate effects. A greater emphasis on public
transport at the expense of personal motor vehicles may not only reduce emis-
sions of CO2, but also improve public health in the short-term by reducing air
pollution and traffic accidents. The magnitude and timing of ancillary costs and
benefits are very important for policy-makers. Political decision-making occurs
within a short time horizon but the costs of climate change actions often must
be borne before there is any discernible effect on climate or the health conse-
quences. As a result, it may be helpful to include outcomes that can be attrib-
uted to climate change interventions and occur soon after the introduction of
such interventions. Such changes may be positive or negative. Policies that
restrict access to motor cars but do not ensure the availability of alternative forms
of transport, might do more harm than good in health terms (for example,
making it more difficult for people to get to health care facilities).

To illustrate this point: improving energy efficiency and increasing the use of
low pollution energy sources would not only reduce greenhouse emissions, but
also improve air quality for much of the world’s population. An analysis was
carried out to estimate the local health benefits of adopting greenhouse mitiga-
tion policies in four major cities (Santiago, São Paulo, Mexico City and New York)
(30). In this study it was assumed that climate mitigation policies would lead to
a 10% reduction in levels of fine particles and ozone in urban areas. Upper and
lower bounds of particle-related mortality were estimated, as were a number of
other health impacts (hospital admissions, asthma attacks, lost workdays due to
acute illness). The conclusion of the study was that “policies aimed at mitigating
greenhouse gas emissions can provide a broad range of more immediate air 
pollution benefits to public health”.

In general terms, the challenge for researchers is to conceive study designs
that capture information on coincidental benefits (and costs). Co-benefits apply
not only to measures that reduce greenhouse gases but also to adaptation poli-
cies. These may yield co-benefits in the form of reductions of other (non-climate-
related) environmental problems. They may also provide co-benefits in the form
of reductions in greenhouse gases.

Informing policy

How can research into the effects of climate change contribute most usefully to
policy? Early risk assessment/risk management models describe a linear, unidi-
rectional process in which science precedes (and is remote from) issues of values,
trade-offs and ethics (31). However, close examination of what happens in prac-
tice shows that it is difficult to draw a clear distinction between scientific risk
assessment and social risk management. Two examples in the literature are a
study of the health effects of acid rain (32) and Conrad Brunk’s analysis of three
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assessments of the pesticide, Alachlor. In his case study Brunk pointed out
numerous decision points where the risk assessors’ values were paramount (33).
It was differences in these value-driven choices (such as whether to assume
“adhering to best practice” or “plausible real behaviour” exposure scenarios) that
explained the three orders of magnitude difference between the risks calculated
by Monsanto and Health and Welfare Canada, not disagreements over scientific
methods or the basic data.

The titles of recent United States’ National Research Council (NRC) publica-
tions on risk reflect the shift in thinking that has occurred away from the linear
objective science—subjective policy model. “Science and judgement” (34), was
followed by “Informing decisions in a democratic society” (35), and “Towards
environmental justice” (36). Scientific assessments are not remote technical 
exercises, they are part of the messy, problematic and negotiated world of social
decision-making. The NRC report “The science of regional and global change:
putting knowledge to work,” states:

“Assessment and policy analysis are essential to understand the overall impact of
changes in human behavior and natural processes, to link research agendas with
decision needs, and to monitor the results of policy actions. Effective assessment aims
to integrate the concepts, methods, and results of the physical, biological, and social
sciences into a decision support framework” (37).

There are important implications in accepting such a view. One is that scientific
assessments should not assume a common understanding of the problem faced,
let alone a single view of the solution. Scheraga and Furlow argue that for an
assessment to be informative, the assessors must know the particular issues and
questions of interest to stakeholders (e.g. public health officials) (38). Stake-
holders should be engaged from the outset of the assessment process and
involved in the analytical process throughout the assessment. Openness and
inclusiveness enable different participants to bring a diversity of views and infor-
mation that may benefit the assessment process: including all interested parties
makes the assessment process more transparent and credible. Another writer has
argued that an important part of scientists’ work is to try to achieve “widespread
agreement on what questions are being asked, why they are important, what
counts as answers to them and what the social use of these answers might be”
(32). Aron puts it this way: “the process of integrated assessment must grapple
with questions of values up front” (19). Without this clarity, policy-makers may
find it difficult to interpret insights from assessments and may struggle to appre-
ciate the reasons for disagreement between different researchers.

The purpose of assessment is to inform decision-makers, not to make policy
choices. The ways in which information is presented may strongly affect subse-
quent choices, but scientists cannot determine what is the best policy choice.
Determining what is best is a societal decision, involving societal values. The next
section examines the interplay of values and scientific assessment in relation to
climate change, and other factors that contribute to uncertainty.

Recognizing and responding to uncertainty

The effect of climate change on human health depends on a sequence of events
that produces a “cascade of uncertainty” (39). There is no doubt that human
activity has altered the composition of Earth’s atmosphere. The resultant effects
on the world’s climate are less certain but, as already noted, most of the warming
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that has occurred in the last 50 years probably is human-induced (1). It is more
difficult to forecast what will happen in the future—complicating factors include
future trends in greenhouse emissions, biophysical feedback forces and thresh-
old phenomena in the climate system that by their very nature are difficult to
anticipate. Impacts on human health will depend not only on the nature and
rate of climate change at the local level, but also on the ability of ecological
systems to buffer climate variability. Yet as discussed in chapter 12, assessments
can provide insights even if predictions cannot be made, conducting bounding
exercises to estimate the potential magnitude of particular impacts and the
importance of their effects.

Sources of uncertainty can be examined by taking as a particular case study
the relation between climate change and mosquito-borne diseases (discussed in
more detail in chapter 6). Mosquito-borne diseases are a major cause of human
ill-health worldwide—each year there are hundreds of millions of cases of
malaria and dengue, the two most common infections transmitted in this way.
New and emerging infections also are a potential threat, as shown by the 
surprisingly rapid spread of West Nile virus in North America.

Mosquitoes cannot regulate their internal temperatures and therefore are
exquisitely sensitive to external temperatures and moisture levels. Specifically,
temperature influences the size of vector populations (via rates of growth and
reproduction), infectivity (resulting from the effects on mosquito longevity and
pathogen incubation) and geographical range. As a result, any comprehensive
global study of the impacts of climate change must include possible effects on
the global pattern of malaria, dengue and other mosquito-borne diseases. Climate
change will be associated with changes in temperature, precipitation and possi-
bly soil moisture, all factors that may affect disease prevalence. Yet mosquitoes
are not only temperature dependent they are also very adaptable: these insects
can adjust to adverse temperature and moisture by exploiting microenviron-
ments such as containers and drains (and as a result can over-winter in places
that are theoretically too cold for mosquitoes). Many other factors are important
in transmission dynamics. For example, dengue fever is greatly influenced by
house structure, human behaviour and general socioeconomic conditions. This
is illustrated very well by the marked difference in the incidence of the disease
above and below the United States–Mexico border: in the period 1980–1996, 43
cases were recorded in Texas compared to 50333 in the three contiguous border
states in Mexico (40).

There are few instances in which effects of long-term climate change on
human health have been observed directly. Where there have been substantial
changes in rates of mosquito-borne disease in recent times, there is little evi-
dence that climate has played a major part (41, 42). This means that assessments
of the impact of future climate change rely on expert judgement, informed 
by analogue studies, deduction from basic principles and modelling of health 
outcomes related to climate inputs.

The IPCC’s Third Assessment Report concluded that rising temperatures and
changing rainfall would have mixed effects on the potential for infections such
as malaria and dengue worldwide (chapter 3). It reported that in areas with
limited public health resources, warming in conjunction with adequate rainfall
would likely cause certain mosquito-borne infections to move to higher altitudes
(medium to high confidence) and higher latitudes (medium to low confidence).
The IPCC concluded also that transmission seasons would be extended in some
endemic locations (medium to high confidence).
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There are other views than those of the IPCC. Some argue that simple climate
change models provide no useful information about future disease rates because
factors other than climate are bound to be more important (43, 44). Others con-
clude that there is sufficient evidence that global warming already is extending
the geographical range of significant mosquito-borne diseases (45).

Why should scientific assessments that agree largely on evidence and methods
come to rather different conclusions? One possible explanation is that the assess-
ments are attempting to answer different questions. For example, the IPCC con-
clusion is couched explicitly in terms of disease potential (what would happen if
certain conditions were to apply). Others, such as Reiter, have focused more
strongly on predictions of actual disease incidence (not what might, but what will
happen) (43).

The “what might happen” view is more wide-ranging, consistent with the
position that science has a legitimate function in tackling “what if?” questions.
According to this position, one objective of climate change research is not to
propose testable long-range hypotheses rather to provide indicative forecasts to
guide pre-emptive policy-making. Strictly speaking, no scientific study (not even
the most tightly controlled experiment) can predict the consequences of a par-
ticular course of action and all research operates in the realm of what might
happen. What is more, extrapolations from the research environment to the real
world setting inevitably are hedged by conditions: it may not be explicit, but the
conclusion always takes the form “if the setting in the laboratory was to be repli-
cated, then the following outcomes would be expected . . .”

This is not to suggest that there should be only one way of carrying out climate
research. One useful approach is the traditional hypothesis testing approach.
Another is the “what if?” analysis—useful for risk management decisions as well
as contributing to weight-of-evidence arguments. Both approaches have value
but they may lead to different types of insights and information.

Assessments of climate change impacts are based, necessarily, on assumptions
about the state of a future world. Any summary statement about the likely effects
of a changed climate assumes a certain level of susceptibility, whether the status
quo or what might be predicted from current trends, formal modelling, scenario
analyses, or a worst-case scenario. An optimistic scenario would be a configura-
tion of high disease control capacity and low population susceptibility (as a result
of socioeconomic improvements, for example). Another assessment might
include a range of possible futures, some of which are more disease-prone, such
as settings in which public health services deteriorate, economic productivity
declines and social order unravels.

Scale may be another factor that contributes to differences between scientists,
adding to uncertainty for policy-makers. Factors that produce the most notice-
able changes over a short time may not be the same as those that cause long-
term changes in disease rates. Similar considerations apply to spatial distributions:
malaria has been pantropical for centuries, essentially a function of climate. As
noted already, recent retreats and advances of the disease are not due primarily
to climate, but on a global scale they are movements on the margins. McMichael
has applied this idea to the pool of disease, emphasizing the difference between
factors that agitate the surface (short-term, localized variations) and the condi-
tions that determine the depth of the pool (46). The latter class of causes also has
been described as the driving force of disease incidence (47). The relative impor-
tance of different causes will depend partly on the scale that is chosen: what time
and space-defining windows should be applied depend on the problem in hand.
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An investigation of an outbreak of disease will naturally focus on the causes of
short-term and localized variations in incidence, but an assessment of long-term
future trends in disease is more likely to capture influences that occur upstream
in the sequence of causes. If applying the outbreak frame of reference, then
climate change is invisible because it is too big to fit into the study picture. This
does not mean that climate change is irrelevant, rather that other approaches,
on larger scales, are needed to comprehend this particular problem.

General issues concerning uncertainty

The IPCC raises the question (without giving an answer) of whether “science for
policy” is different from “science itself”. Researchers concerned with producing
science for the purpose of informing decision-makers have additional challenges.
They need to consider the specific questions asked by particular decision-makers
and the time frame in which the questions must be answered. Their research
must focus on answering those questions—as best they can—in a timely fashion.
They also must characterize all relevant uncertainties and the implications of
these for the decisions under consideration. Whether or not the science is able
to inform policy, decisions will be made under uncertainty. Fundamentally, an
informed decision is preferred to an uninformed decision. Are there ways of
retaining quantitative estimates, but tempering them with a full description of
uncertainty bounds? Possible approaches included in the IPCC report are stan-
dardized graphical displays (1) and verbal summaries of confidence categories.

The approach taken depends on the information needs of the decision-makers
(e.g. public health officials), how the information most usefully can be conveyed
to them and the questions they want answered by the assessors. The issue is not
so much whether there are different kinds of science or different standards of
proof. Really it is a question of the types of methods that exist to inform deci-
sion-makers who must make decisions despite the existence of uncertainties. An
alternative, perhaps more constructive and useful approach, would be to ask the
question: “What would one have to believe is true for the following to happen?”
By asking this, there is no judgment on the relative likelihood of an outcome.
Rather, the decision-maker is provided with insights into the necessary condi-
tions for an outcome to occur and can then decide the likelihood of those con-
ditions for the particular situation being addressed—and the level of risk.

Studies of perceptions of risk show that values and social positions have an
important bearing on the way individuals view environmental hazards (48). For
this reason it is important to engage stakeholders in the problem formulation
phase of an assessment process (to help shape the questions that will be the focus
of the assessment), the assessment itself and communication of the results.

Van Asselt and Rotmans liken risk assessment to a group of hikers crossing an
unfamiliar landscape (49). Although the hikers start together and face the same
terrain, it would not be surprising if they choose different routes and, as a result,
come to different destinations. The choices made along the way (to cross a dan-
gerous river or take a lengthy diversion, follow footpaths or forge new routes,
continue when the weather is threatening or take shelter) depend on past expe-
riences, preferences, interests and preconceptions about the nature of the land
ahead.

In a similar manner, no one begins an assessment of the effects of climate
change with a completely open mind. Scientists bring to the task expectations,
attitudes and values that influence the questions asked, help to make sense of
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the data and inevitably, shape the meaning given to results. Important dimen-
sions of difference include presumptions about nature (which might be viewed
as capricious, benign, forgiving, fragile or any combination of these qualities),
the limits of human capacities and priorities given to core values (such as equity
and individual liberties). Even between disciplines there may be major differ-
ences. A survey of experts in the field found that natural scientists’ estimates of
the total damage caused by climate change tended to be much greater than those
of economists. It was suggested “economists know little about the intricate web
of natural ecosystems, whereas scientists know equally little about the incredi-
ble adaptability of human economies” (50). This is why it is so important to
engage different disciplines in the assessment process—and have them converse
with one another.

Do multi-disciplinary assessments such as those carried out by the IPCC,
underestimate uncertainty? In theory, they might. Collaborations like the IPCC
have important strengths: no one discipline holds all the knowledge required to
deal with complex environmental problems like climate change. Multi-discipli-
nary assessments may capture more uncertainties because one discipline may
identify matters never thought of by another discipline. For example, an ecolo-
gist might identify health outcome sensitive considerations that a public health
expert would not. This might increase, not decrease, uncertainties. Conversely,
a group with many disciplines may find it more difficult to provide a complete
account of uncertainties than is possible when all the authors speak the same
technical language. Contingencies tend to be overlooked when scientific debates
move from specialized forums to public settings and a similar process has been
observed with scientific panels in the past. Wynne states: “Doubts and uncer-
tainties of core specialists are diminished by the overlaps and interpenetrations
with adjacent disciplines . . . the net result is a more secure collective belief in
the policy knowledge, or the technology, than one might have obtained from
any of the separate contributing disciplines” (51).

Conclusions

Researchers seek to understand ways in which weather and climate may affect
human health and (where they exist) to estimate the size, timing, and charac-
ter of such effects. For public health scientists and officials the primary goal is to
prevent any increases in disease associated with changing weather and climate,
while recognizing that the scarce resources available to the public health com-
munity may have to be diverted to other higher-priority public health problems.
Both scientists and policy-makers are interested in the magnitude of potential
effects and their distribution—which regions and which populations most likely
will be affected? Why? When? How can vulnerability be reduced and adaptive
capacity increased?

The research community has provided some answers to these important ques-
tions (including those summarized by the IPCC) but still there is much to be
done. It is not just that understanding of the science is never complete. In this
instance policy choices will need to be made before all relevant scientific infor-
mation is available. It would be convenient if a decision on re-setting the global
thermostat could be delayed until the health costs and benefits of a warmer world
were known. However, climate systems cannot be turned on and off like an air
conditioning unit. The considerable lag period between greenhouse emissions
and climate impacts, and the large inertia in the climate system’s response to per-
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turbations, means that policy-makers must make decisions many years before
the full effects are apparent. This means extra pressures on researchers to provide
robust scientific advice on climate change and health, as early as possible.
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Introduction

Extreme climate events are expected to become more frequent as a result of
climate change. Climate extremes can have devastating effects on human soci-
eties. History records widespread disasters, famines and disease outbreaks trig-
gered by droughts and floods. These complex, large-scale disruptions exert their
worst effects in poor countries but even the richest industrial societies are not
immune. Extreme weather events are, by definition, rare stochastic events. There
are two categories (1):

• extremes based on simple climate statistics, such as very low or very high 
temperatures;

• more complex, event driven extremes: droughts, floods, or hurricanes—
these do not necessarily occur every year at a given location.

With climate change, even if the statistical distribution of simple extreme events
remains the same, a shift in the mean will result in a non-linear change in the
frequency of extreme events. The detection of change in simple climate extremes
is more likely than the detection of changes in event-driven extremes.

Climate variability can be expressed at various temporal scales (by day, season
and year) and is an inherent characteristic of climate, whether or not the climate
system is subject to change. Much attention has focused on the influence of El
Niño-Southern Oscillation (ENSO) on weather patterns in many parts of the
world. In sensitive regions, ENSO events may cause significant inter-annual per-
turbations in temperature and/or rainfall within a loose 2–7 year cycle. However,
it is important that such perturbations are not confused with climate change. In
reality, these fluctuations introduce more noise into the long-term trends,
making it more difficult to detect the climate change signal.

The effect of climate change on the frequency and/or amplitude of El Niño is
uncertain. However, even with little or no change in amplitude, climate change
is likely to lead to greater extremes of drying and heavy rainfall and increase the
risk of droughts and floods that occur with El Niño in many regions.

A range of physical, ecological and social mechanisms can explain an associ-
ation between extremes of climate and disease (Figure 5.1, Table 5.1 and Table
5.2). Social mechanisms may be very important but are difficult to quantify: for
example, droughts and floods often cause population displacement. Outbreaks
of infectious disease are common in refugee populations due to inadequate public
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health infrastructure, poor water and sanitation, overcrowding and lack of
shelter. Climate also can affect infectious diseases that are spread via contami-
nated water or food. Water-related diseases are a particular problem in poor
countries and communities, where water supplies and sanitation often are inad-
equate. Outbreaks of cholera, typhoid and diarrhoeal diseases can occur after
flooding if the floodwaters become contaminated with human or animal waste,
while drought reduces the water available for washing and sanitation and also
tends to increase the risk of disease.

There is a web of interactions between ecosystems, climate and human soci-
eties, which influences the occurrence of infections. For example, the resurgence
of communicable diseases in the past few decades is thought to have resulted
primarily from social factors including population growth, urbanization, changes
in land use and agricultural practices, deforestation, international travel and
breakdown in public health infrastructure (3). From the opposite perspective,
major communicable diseases such as malaria also can severely limit social devel-
opment (4).
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FIGURE 5.1 ENSO and disease. ENSO events cause physical effects such as droughts
and floods (blue circle). Where these overlap and interact with suitable ecological and
socioeconomic conditions (within dotted lines) they may cause disease outbreaks (dark
shaded area).
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This chapter summarizes what is known about the historical effects of climate
extremes on human health. The following section describes studies of infectious
diseases and climate extremes related to El Niño Southern Oscillation. The next
considers the impacts of short-term extremes of temperature. The final section
contains a discussion of climate-related disasters.

El Niño and infectious diseases

There is a well-studied relationship between rainfall and diseases spread by insect
vectors which breed in water, and are therefore dependent on surface water avail-
ability. The main species of interest are mosquitoes, which spread malaria and
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TABLE 5.1 Mechanisms by which above-average rainfall can affect health.

Event Type Description Potential health impact

Heavy meteorological “extreme event” increased mosquito abundance or decreased
precipitation (if breeding sites are washed away)
event

Flood hydrological river/stream over changes in mosquito abundance contamination of
tops its banks surface water

Flood social property or crops changes in mosquito abundance contamination of
damaged water with faecal matter and rat urine 

(leptospirosis).
Flood catastrophic flood Flood leading to >10 changes in mosquito abundance contamination of

/”disaster” killed, and/or 200 water with faecal matter and rat urine and
affected, and/or increased risk of respiratory and diarrhoeal
government call for disease deaths (drowning) injuries health effects
external assistance. associated with population displacement loss of

food supply psychosocial impacts

Source: reproduced from reference (2).

TABLE 5.2 Mechanisms by which below-average rainfall can affect health.

Event Type Description Potential health impact

Drought meteorological evaporation exceeds water absorption, changes in vector abundance if vector
soil moisture decreases. breeds in dried up river beds, for 

example.
Several indices have been developed

based on meteorological variables,
e.g. Palmer

Drought Severity Index.
Drought agricultural drier than normal conditions leading to depends on socioeconomic factors, i.e. 

decreased crop production other sources of food available and
the means to acquire them.

Drought social reduction in food supply or income, food shortage, illness, malnutrition
reduction in water supply and quality (increases risk of infection)

increased risk of disease associated 
with lack of water for hygiene.

Drought food shortage/ food shortage leading to deaths deaths (starvation) malnutrition (increases 
famine/drought risk of infection)

disaster >10 killed, and/or 200 health impacts associated with population
affected, or government call for displacement

external assistance.

Source: reproduced from reference (2).



viral diseases such as dengue and yellow fever. There is considerable evidence
linking mosquito abundance to rainfall events. Mosquitoes need access to stag-
nant water in order to breed—conditions that may be favoured by both wet and
dry conditions. For example, heavy rain can create as well as wash away breed-
ing sites, while in normally wet regions drought conditions can increase breeding
sites by causing stagnation of water in rivers. The timing of rainfall in the year and
the co-variation of other climate factors also are likely to be important.

Vector-borne disease transmission is sensitive to temperature fluctuations also.
Increases in temperature reduce the time taken for vector populations to breed.
Increases in temperature also decrease the incubation period of the pathogen
(e.g. malaria parasite, dengue or yellow fever virus) meaning that vectors become
infectious more quickly (5). On the other hand (depending on thresholds that
are species-specific) hot, dry conditions can reduce the lifetime of mosquitoes.
Temperature also may affect the behaviour of the vector and human populations,
affecting the probability of transmission. Warmer temperatures tend to increase
biting behaviour of the vector and produce smaller adults which may require
multiple blood meals in order to reproduce.

Malaria

Malaria is the world’s most important vector-borne disease. Over 2.5 billion people
are at risk, and there are estimated to be 0.5 billion cases and more than 1 million
deaths from malaria per year (6). Malaria incidence is influenced by the effective-
ness of public health infrastructure, insecticide and drug resistance, human popu-
lation growth, immunity, travel, land-use change and climate factors.

Very high temperatures are lethal to the mosquito and the parasite. In areas
where temperatures are close to the physiological tolerance limit of the parasite,
a small temperature increase would be lethal to the parasite and malaria trans-
mission would therefore decrease. However, at low temperatures a small increase
in temperature can greatly increase the risk of malaria transmission (7).

Malaria’s sensitivity to climate is illustrated in desert and highland fringe areas
where rainfall and temperature, respectively, are critical parameters for disease
transmission (8). In these regions higher temperatures and/or rainfall associated
with El Niño may increase transmission of malaria. In areas of unstable malaria
in developing countries, populations lack protective immunity and are prone to
epidemics when weather conditions facilitate transmission. Across the globe,
many such areas experience drought or excessive rainfall during ENSO events.

Drought in the previous year has been identified as a factor contributing to
increased malaria mortality. There are several possible reasons for this relation-
ship. Drought-related malnutrition may increase an individual’s susceptibility to
infection (9). Also, drought may reduce malaria transmission resulting in a reduc-
tion in herd immunity in the human population. Therefore, in the subsequent
year the size of the vulnerable population is increased (10).

Alternatively, a change in ecology of the natural predators may affect mos-
quito vector dynamics; mosquito populations recover more quickly than their
predator populations following a dry year. Famine conditions may have con-
tributed to excess mortality during historical epidemics of malaria, for example
following the 1877 El Niño in India. Many deaths occurred after the end of 
the drought; the proximate cause was malaria when drought-breaking rains
increased vector abundance, exacerbated by population movement and the 
concentration of people in feeding camps (11).
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Many parts of South America show ENSO-related climate anomalies. Serious
epidemics in the northern countries of South America have occurred mainly in
the year after El Niño (year +1). In 1983 following a strong El Niño event,
Ecuador, Peru and Bolivia experienced malaria epidemics (12, 13, 14). In
Venezuela and Colombia, malaria increased in the post-Niño year (+1) (10, 15,
16, 17). A statistically significant relationship was found between El Niño and
malaria epidemics in Colombia, Guyana, Peru, and Venezuela (18). The causal
mechanisms are not completely understood. El Niño is associated with a reduc-
tion of the normal high rainfall regime in much of Colombia, as well as an
increase in mean temperature, increase in dew point, and decrease in river dis-
charges (17). These relationships between malaria and ENSO nevertheless can be
used to predict high and low-risk years for malaria, giving sufficient time to
mobilise resources to reduce the impact of epidemics (15).

Africa has desert fringe malaria around the Sahara (e.g. the Sudan) and the
Kalahari (Namibia, Botswana). Of these areas, southern Africa and a region east
of the Sahara show ENSO-related rainfall anomalies. Several recent studies have
examined evidence of relationships between climate extremes and malaria in
Africa (19, 20, 21).

The 1997/98 El Niño was associated with heavy rainfall and flooding in Kenya,
after two years of drought. From January to May 1998, a major epidemic of fal-
ciparum malaria occurred. Brown et al. (19) reported an attack rate of approxi-
mately 40% in the town of Wajir, Kenya. Three districts in Kenya reported a
six-fold increase in malaria cases in the first two months of 1998 compared to
the same period in 1997 (22). The malaria epidemic was compounded by wide-
spread food shortages.

Other researchers emphasize the significance of non-climate factors in explain-
ing recent malaria epidemiology in Africa (23). A resurgence of malaria in the high-
lands of Kenya over the past 20 years has been attributed to resistance to
antimalarial drugs (24). Another study did not find a relationship between climate
trends and the timing of malaria epidemics in Kenya. Based on a 30-year time
series of climate and disease data, it concluded: “. . . intrinsic population dynamics
offer the most parsimonious explanation for the observed interepidemic periods”
(25). One study has reported no significant meteorological trends in four high-
altitude sites in East Africa where increases in malaria have been reported (26).
This study used spatially averaged climate data that may be unreliable for this
purpose. An association between rainfall, temperatures and the number of inpa-
tient malaria cases three to four months later has been reported recently (27).

Dengue

Dengue is the most important arboviral disease of humans, occurring in tropical
and subtropical regions worldwide. In recent decades, dengue has become an
increasing urban health problem in tropical countries. The disease is thought to
have spread mainly as a result of ineffective vector and disease surveillance; inad-
equate public health infrastructure; population growth; unplanned and uncon-
trolled urbanization; and increased travel (28, 29). The main vector of dengue is
the domesticated mosquito, Aedes aegypti, that breeds in urban environments in
artificial containers that hold water. Dengue also can be transmitted by Aedes
albopictus, which can tolerate colder temperatures.

Dengue is seasonal and usually associated with warmer, more humid weather.
There is evidence that increased rainfall in many locations can affect the vector
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density and transmission potential. ENSO may act indirectly by causing changes
in water storage practices brought about by disruption of regular supplies (5).
Rainfall may affect the breeding of mosquitoes but this may be less important in
urban areas: Aedes aegypti breed in small containers, such as plant pots, which
often contain water in the absence of rain.

Between 1970 and 1995, the annual number of epidemics of dengue in the
South Pacific was positively correlated with the Southern Oscillation Index (SOI)
(30). This is plausible since, in this part of the world, high positive values of the
SOI (denoting La Niña conditions) are associated with much warmer and wetter
conditions than the average—ideal for breeding of mosquitoes. In a subsequent
study, Hales et al. examined the relationship between ENSO and monthly reports
of dengue cases in 14 island nations in the Pacific (31). There were positive cor-
relations between SOI and dengue in ten countries. In five of these (American
Samoa, Nauru, Tokelau, Wallis and Western Samoa) there were positive corre-
lations between SOI and local temperature and/or rainfall. During La Niña, these
five islands are likely to experience wetter and warmer than normal conditions.
Local weather patterns may trigger an increase in transmission in larger, more
populated islands where the disease is endemic, but infected people then carry
the disease to smaller neighbouring islands. This implies that the effect of climate
on vector-borne diseases is not necessarily confined to the region affected by
altered climate, suggesting that forecasts may need to take account of regional
social and environmental factors too.

A study of dengue in Viet Nam, found that the number of cases increased in
El Niño years (32). In Thailand, which does not have a strong ENSO signal, there
was no correlation (25). Many countries in Asia experienced an unusually high
level of dengue and dengue haemorrhagic fever in 1998, some of which may be
attributable to El Niño-related weather (5). Gagnon et al. reported positive asso-
ciations between El Niño and dengue epidemics in French Guyana, Indonesia,
Colombia and Suriname, regions that experience warmer temperatures and less
rainfall during El Niño years (33).

These studies do not identify unequivocally the environmental risk factors for
increases in dengue cases. Further regional or global scale studies are needed to
determine whether El Niño is associated with a change in dengue activity and if
so, what climate parameters (temperature, rainfall, humidity, sea level or wind
velocity) primarily are responsible.

Rodent-borne diseases

Rodents act as reservoirs for a number of diseases whether as intermediate
infected hosts or as hosts for arthropod vectors such as ticks. Certain rodent-
borne diseases are associated with flooding including leptospirosis, tularaemia
and viral haemorrhagic diseases. Other diseases associated with rodents and ticks
include plague, Lyme disease, tick borne encephalitis (TBE) and hantavirus 
pulmonary syndrome (HPS).

Rodent populations have been shown to increase in temperate regions follow-
ing mild wet winters (34). One study found that human plague cases in New
Mexico occurred more frequently following winter-spring periods with above-
average precipitation (35). These conditions may increase food sources for rodents
and promote breeding of flea populations. Ticks also are climate sensitive.

Infection by hantaviruses mainly occurs from inhalation of airborne particles
from rodent excreta. The emergence of the disease hantavirus pulmonary 
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syndrome in the early 1990s in the southern United States has been linked to
changes in local rodent density (36). Drought conditions had reduced popula-
tions of the rodents’ natural predators; subsequent high rainfall increased food
availability in the form of insects and nuts. These combined effects lead to a ten-
fold increase in the population of deer mice from 1992 (36) to 1993. In 1998, an
increase in cases of hantavirus was linked to increased rodent populations which,
in turn, were attributed to two wet, relatively warm winters in the southern
United States associated with 1997/98 El Niño (37, 38). A comprehensive study
by Engelthaler et al. in the Four Corners region, USA, concluded that above-
average precipitation during the winter and spring of 1992–1993 may have
increased rodent populations and thereby increased contact between rodents and
humans and viral transmission (39).

Diarrhoeal illness

Many enteric diseases show a seasonal pattern, suggesting sensitivity to climate.
In the tropics diarrhoeal diseases typically peak during the rainy season. Floods
and droughts are each associated with an increased risk of diarrhoeal diseases,
although much of the evidence for this is anecdotal. The suggestion is plausible,
however, since heavy rainfall can wash contaminants into water supplies, while
drought conditions can reduce the availability of fresh water leading to an
increase in hygiene-related diseases.

Major causes of diarrhoea linked to contaminated water supplies are: cholera,
cryptosporidium, E.coli, giardia, shigella, typhoid, and viruses such as hepatitis 
A. Outbreaks of cryptosporidiosis, giardia, leptospirosis and other infections have
been shown to be associated with heavy rainfall events in countries with a 
regulated public water supply (40, 41, 42, 43, 44, 45).

An association between drinking water turbidity and gastrointestinal illness
has been reported (46). This was one of the first studies to apply time series
methods to the analysis of water-related disease. A study of waterborne disease
outbreaks in the United States has shown that about half were significantly asso-
ciated with extreme rainfall (41). Outbreak locations from an Environmental Pro-
tection Agency database were assigned to watersheds. The rainfall in the month
of the outbreak and in previous months was estimated from climate records: for
outbreaks associated with surface water the association was strongest for rainfall
events in the same month as the outbreak.

Transmission of enteric diseases may be increased by high temperatures, via
a direct effect on the growth of disease organisms in the environment (47, 48,
49). In 1997 a markedly greater number of patients with diarrhoea and dehy-
dration were admitted to a rehydration unit in Lima, Peru, when temperatures
were higher than normal during an El Niño event (50). A time series analysis of
daily data from the hospital confirmed an effect of temperature on diarrhoea
admissions, with an estimated 8% increase in admissions per 1°C increase in
temperature (51).

Analysis of average diarrhoea reports in the Pacific Islands (1978–1986) sug-
gested a positive association with average temperature and an inverse associa-
tion with estimated water availability (52). Time series analysis of diarrhoea
reports in the islands of Fiji (1978–1992) confirmed a statistically significant effect
of monthly temperature changes (an estimated 3% increase in diarrhoea reports
per 1°C increase in temperature). Extremes of rainfall also were associated with
increases in diarrhoea (52).
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In summary, there is good evidence of associations between several important
communicable diseases and climate on several temporal and geographical scales.
This is true of vector-borne diseases, many enteric illnesses and certain water-
related diseases. These associations are not found everywhere—hardly surpris-
ing given the complexity of the causal pathways involved. Relationships between
year-to-year variations in climate and communicable diseases are most evident
where these climate variations are marked, and in vulnerable populations in poor
countries. Major scientific reviews agree that El Niño can provide a partial ana-
logue for the effects of global climate change on communicable diseases (53).
However, the Intergovernmental Panel on Climate Change (IPCC) cautions:

“Policymakers should appreciate that although our scientific capacity to
foresee and model these various health outcomes of climate change continues to
evolve, it is not possible to make precise and localized projections for many health
outcomes . . .” (3).

Temperature extremes: heatwaves and cold spells

In recent years there has been a great increase in interest in time series studies
of temperature and mortality. These are seen as the most satisfactory method for
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BOX 5.1 Impact of climate extremes on malaria in Irian Jaya

Beginning in late August 1997, a significant increase of unexplained deaths was
reported from the central highland district of Jayawijaya. The alarming number of fatal-
ities rapidly escalated into September, dropping off precipitously by late October. More
than 550 deaths due to “drought-related” disease had been officially reported from
the district during this 10-week period. The outbreaks occurred in extremely remote
areas of steep mountainous terrain inhabited by shifting agriculturist populations.

Microscopic evidence and site survey data implicated malaria as the principal cause of
the excess morbidity and mortality at elevations between approximately 1000 and
2200m. The dramatic increase in malaria and associated deaths was related indirectly
to the prolonged and severe drought created by the prevailing 1997–98 El Niño affect-
ing the Australasian region.

Clinical cases of malaria were described as severe, due in large part to the low level
of naturally acquired immunity in these highland populations and the predominance
of Plasmodium falciparum infection. Disease may have been further exacerbated by the
population’s compromised nutritional status because of drought-related severe short-
ages of staple foods. Based on a retrospective investigation, an a posteriori epidemio-
logical explanation of the probable interrelated causes of the epidemic is presented:

“Beginning in late July 1997, drought conditions resulted in numerous transient
pools of standing water along zones of steep gradient streams normally associated
with fast-flowing water. This permitted sufficient and rapid increases in vector pop-
ulations (Anopheles punctulatus complex) that could sustain recently introduced or
intensified local low-level malaria transmission. Moreover, water and food short-
ages contributed to increased demographic movement and exposure to high risk
malaria endemic lowlands, thus increasing the prevalence of human infections and
infectious reservoirs in those populations returning to the highlands.”

Source: Based on reference (54)



quantifying the short-term associations between ambient temperatures and daily
mortality. Any long-term patterns in the series (e.g. seasonal cycles) are removed.
The effect of a hot day is apparent only for a few days in the mortality series; in
contrast, a cold day has an effect that lasts up to two weeks. In many temperate
countries mortality rates in winter are 10–25% higher than death rates in
summer but the causes of this winter excess are not well understood (61).

It is likely that different mechanisms are involved in heat and cold related
mortality; cold related mortality in temperate countries is related in part to the
occurrence of seasonal respiratory infections. High temperatures cause some
well-described clinical syndromes such as heatstroke (62). Very few deaths are
reported as attributed directly to heat. Exposure to high temperatures increases
blood viscosity and it is plausible that heat stress may trigger a vascular event
such as heart attack or stroke (63). Studies have shown that elderly people have
impaired temperature regulation (62, 64, 65, 66). Physiological studies in the
elderly indicate that low temperatures are associated with increased blood pres-
sure and fibrinogen levels (67, 68).

The impact of heatwave events on mortality

Heatwaves can kill. In July 1995 a heatwave in Chicago, USA, caused 514 heat-
related deaths (12 per 100000 population) and 3300 excess emergency admis-
sions (69). The morgues were full and bodies had to be stored in refrigerated
trucks. From 12 to 20 July, daily temperatures ranged from 34–40°C, with the
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BOX 5.2 Cholera

Traditionally cholera is viewed as a strictly faecal–oral infection but increased atten-
tion is being paid to the environmental determinants of this disease. The discovery of
a marine reservoir of the cholera pathogen and its long term persistence with various
marine organisms (in the mucilaginous sheath of blue-green algae and copepods) helps
to explain the endemicity in certain regions, such as the estuaries of the Ganges and
Bramaputra in Bangladesh (55). Recent work has suggested links between the sea-
sonality of cholera epidemics and seasonality of plankton (algal blooms) and the marine
food chain. A study of Vibrio cholerae 01 in Bangladesh (1987–90) found that abun-
dance increases with the abundance of copepods (which feed on phytoplankton) in
coastal waters (55). Analysis of cholera data from Bangladesh showed that the 
temporal variability of cholera exhibits an interannual component at the dominant 
frequency of El Niño (56, 57).

Several cholera outbreaks occurred in 1997 following heavy rains. Countries in East
Africa were severely affected: major cholera outbreaks occurred in the United Repub-
lic of Tanzania, Kenya, Guinea-Bissau, Chad and Somalia (2, 58). Outbreaks also were
reported in Peru, Nicaragua and Honduras (59, 60). However, the total number of
cholera cases reported to WHO in 1997, globally and by region, was similar to that
in 1996. Countries that experienced increased cholera incidents in 1997 are at risk
of increases in cholera in subsequent years. In 1997, the regional WHO cholera sur-
veillance team was aware of the forecasts of an El Niño-related drought in south-east
Africa.The team was able to institute measures to help reduce the severity of a cholera
outbreak in Mozambique by increased monitoring and heightened preparedness of
health care institutions (60).



highest temperatures on 13 July. The maximum number of deaths occurred on
15 July (70).

During heatwaves, excess mortality is greatest in the elderly and those with
pre-existing illness (71). Much of this excess mortality is due to cardiovascular,
cerebrovascular and respiratory disease. The mortality impact of a heatwave is
uncertain in terms of the amount of life lost: a proportion of the deaths occur in
susceptible persons who were likely to have died in the near future. Neverthe-
less, there is a high level of certainty that an increase in the frequency and inten-
sity of heatwaves would increase the numbers of additional deaths due to hot
weather.

There is no standard international definition of a heatwave. Operational def-
initions are needed for meteorological services. As meteorological agencies are
becoming more commercialized they are keen to develop practical applications
of their forecasts and tailor them to user needs. The Netherlands meteorological
bureau uses the following definition to trigger advance warnings in the media
and directly to health services: at least 5 days with maximum temperature above
25°C of which at least 3 days with maximum temperature above 30°C. The evi-
dence on which this is based is not clear. In the United States, the National
Weather Service suggest that a heat advisory (early warning) be issued when the
daytime heat index reaches 40.6°C and a night time minimum temperature of
26.7°C persists for at least 48 hours (72). Local definitions are used: in Dallas the
medical examiners office define a heatwave as three consecutive days of 
temperatures over 37.8°C.

It is surprisingly difficult to define a heatwave as responses to very high tem-
peratures vary between populations and within the same population over time.
A 1987 heatwave in Athens resulted in 926 deaths classified as heat-related,
although the attributable excess mortality was estimated to be more than 2000
(73). A subsequent heatwave in 1988 was associated with a much smaller excess
mortality. This has been observed also in Chicago following the 1995 heatwave
(74).

Few analyses have looked at the impacts of heatwaves in developing coun-
tries and the evidence is largely anecdotal. A heatwave in India in June 1998
was estimated to have caused 2600 deaths over 10 weeks of high temperatures
(75). In Ores, the temperature rose to 49.5°C and was reported to have caused
1300 deaths. The high temperatures were exacerbated by recurrent power 
failures that affected cooling systems and hospital services in Delhi.

Important behavioural factors may be specific to certain countries: in Japan,
young children are often affected when left in motor vehicles. Not all heat related
deaths are due to weather conditions. For example, in the United States in 1994,
221 heat related deaths were recorded, but only 101 (46%) were due to ambient
weather conditions. The rest were due to overexertion during exercise, for
example. During the period 1979–1994, heat-related mortality due to weather
conditions was 2.7–3.7 per million population in the four highest reporting states
(Arizona, Arkansas, Kansas, and Missouri) (72). Most of these deaths occurred
in the over-55 age group. Overall the impact of mortality is underestimated
because death rates from other diseases increase during heatwaves. This is true
in all populations where it has been investigated.

Rooney et al. estimated the excess mortality associated with the 1995 heat-
wave in the United Kingdom (76). An estimated 619 extra deaths (8.9% increase)
were observed relative to the expected number of deaths, based on the 31-day
moving average for that period. Excess deaths were apparent in all age groups
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but most marked in females and for deaths from respiratory and cerebrovascu-
lar disease. A heatwave in Belgium in 1994 was associated with excess mortal-
ity. Part of the excess was due to mortality displacement, since there was a deficit
in deaths in the elderly following the heatwave (no deficit was apparent for age
group 0–64 years) (77).

Vulnerability to temperature-related mortality

Indicators of vulnerability to heat and cold that have been investigated include:

• age and disease profile
• socioeconomic status
• housing conditions
• prevalence of air conditioning
• behaviour (e.g. clothing).

These factors also have counterparts in individuals as risk factors for heat related
mortality or morbidity, such as presence of air conditioning at time of death.

Both individual and population level studies provide strong and consistent evi-
dence that age is a risk factor for heat-related mortality. Studies vary on the age
at which the vulnerability is increased. There are physiological reasons why the
elderly are more vulnerable.

An important study was undertaken following the Chicago heatwave in 1995.
Semenza et al. interviewed the relatives of those who died during the heatwave
and controls who lived near the case, matched for age and neighbourhood (78).
Individual risk factors for dying in the heatwave were identified: chronic illness;
confined to bed; unable to care for themselves; isolated; without air condition-
ing. A comparison of mortality rates in three Illinois heatwaves (1966) by age
group, sex and ethnic group (white vs. other) found that women and white
people were at more risk (79).

Winter mortality

In many temperate countries there is a clear seasonal variation in mortality (80,
81), death rates during winter being 10–25% higher than those in summer. The
major causes of winter death are cardiovascular, cerebrovascular, circulatory and
respiratory diseases (82, 83).

Annual outbreaks of winter diseases such as influenza, which have a large
effect on winter mortality rates, are not strongly associated with monthly winter
temperatures (84). Social and behavioural adaptations to cold play an important
role in preventing winter deaths in high latitude countries. Sensitivity to cold
weather (measured as the percentage increase in mortality per 1°C change in
temperature) is greater in warmer regions. Mortality increases to a greater extent
with a given fall in temperature in regions with warmer winters, in populations
with less home heating and where people wear lighter clothes (85).

The elderly (aged 75 and over) are particularly vulnerable to winter death,
having a winter excess of around 30%. This vulnerability is not yet well under-
stood but may arise through a combination of physiological susceptibility, behav-
ioural factors and socioeconomic disadvantage. Excess winter mortality is an
important problem in the United Kingdom where there has been much debate
about the role of poor housing, fuel poverty and other socioeconomic issues for
the elderly population (86). Several studies have linked routine mortality data at
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ward or enumeration district level with small-area indicators of housing and
deprivation. A study of ischaemic heart disease morbidity in Stockport found
higher winter excess in the higher social class groups although a clear gradient
was not observed (87). A small-area study found that inadequate home heating
and socioeconomic deprivation were the strongest independent predictors of
ward-level variation in excess winter death in England and Wales (88). In
general, however, studies have found only weak or absent relationship between
excess winter mortality and deprivation (86).

The potential impact of climate change on temperature 
related mortality

Global climate change is likely to be accompanied by an increase in the frequency
and intensity of heatwaves, as well as warmer summers and milder winters (2).
Extreme summer heat’s impact on human health may be exacerbated by
increases in humidity. There has been significant warming in most regions in the
last 25 years (see chapter 5) some of which the IPCC has attributed to human
activities. However, it is not clear that the frequency of heatwaves has been
increasing, although few studies have analysed daily temperature data to confirm
this (1). There is much regional variation in the trends observed. Gaffen and Ross
looked at data from 1961–1990 for 113 weather stations in the United States and
found that the annual frequency of days exceeding a heat stress threshold
increased at most stations (89).

Predictive modelling studies use climate scenarios to estimate future temper-
ature related mortality. Those studies which use the empirical statistical model
(based on coefficients derived from linear regression of the temperature mortal-
ity relationship) find that reductions in winter deaths are greater than increases
in summer deaths in temperate countries (84, 90). However, other methods indi-
cate a more significant increase in summer deaths. Kalkstein and Green estimated
future excess mortality under climate change in United States’ cities (91). Excess
summer mortality attributable to climate change, and assuming acclimatization,
was estimated to be between 500–1000 for New York and 100–250 for Detroit
by 2050, for example.

Populations can be expected to adapt to changes in climate via a range of phys-
iological, behavioural and technological changes. These will tend to reduce the
impacts of future increases in heatwaves. The initial physiological acclimatization
to hot environments can occur over a few days but behavioural and technological
changes, such as changes to the built environment, may take many years.

While it is well established that summer heatwaves are associated with short
term increases in mortality, the extent of winter-associated mortality directly
attributable to stressful weather is difficult to determine and currently being
debated. Limited evidence indicates that, in at least some temperate countries,
reduced winter deaths would outnumber increased summer deaths. The net
impact on mortality rates will vary between populations. There are no clear
implications of climate change for non-fatal outcomes as there is a lack of 
relevant studies.

Natural disasters

The health effects of disasters are difficult to quantify because secondary effects
and delayed consequences are poorly reported and communicated. Information
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on natural disasters generally is gathered by the organisations and bodies directly
involved in disaster relief and reconstruction. As a result, information usually is
collected for specific operational purposes not as a database; figures are estimated,
not measured directly (92). This is especially true of flood events and windstorms
where the actual deaths and injuries directly caused by the event are small 
compared to the problems that arise as a result, including deaths from com-
municable diseases and the economic losses sustained (93, 94, 95) (see Box 5.3
on Hurricane Mitch).

El Niño has an effect on the total number of persons affected by natural dis-
asters (96, 97). Worldwide, disasters triggered by droughts are twice as frequent
during the year after the onset of El Niño than other years (97). This risk is con-
centrated in southern Africa and south-east Asia. The El Niño effect on disasters
is strong enough to be apparent at the global level (96). In an average El Niño
year, around 35 per 1000 persons are affected by a natural disaster. This is over
four times greater than the rate in non El Niño years, based on analysis of data
from 1963 to 1992. This difference in risk is much stronger for famine disasters;
El Niño’s global disaster footprint is largely determined by the consequences of
drought.

In 1997/98 Kenya was particularly hard hit by flooding and excess rainfall.
Ecuador and northern Peru experienced severe flooding and mudslides along the
coastal regions which severely damaged the local infrastructure (98). In Peru,
9.5% of health facilities were damaged, including 2% of hospitals and 10% of
other health centres (98). At the other extreme, Guyana, Indonesia and Papua
New Guinea were severely affected by drought. Although not all natural disas-
ters in 1997/98 should be attributed to the El Niño event, global estimates of the
impact vary from 21000 (99) to 24000 (100) deaths.

Trends in weather disasters

Globally, there is an increasing trend in natural disaster impacts. An analysis by
the reinsurance company Munich Re found a three-fold increase in the number
of natural catastrophes in the last ten years, compared to the 1960s (94). This 
is primarily from global trends affecting population vulnerability rather than
changes in the frequency of climatological triggers.

Developing countries are poorly equipped to deal with weather extremes. The
number of people killed, injured or made homeless by natural disasters is increas-
ing alarmingly. This is due partly to population growth and the concentration of
population in high-risk areas like coastal zones and cities. Large shanty-towns
with flimsy habitations often are located on land subject to frequent flooding. In
many areas the only land available to poor communities may be that with few
natural defences against weather extremes. Direct hits of extreme events on
towns and cities tend to cause large losses. In recent decades there has been a
large migration to cities and more than half the world’s population now lives in
urban areas. Such migration and increasing vulnerability means that even
without increasing numbers of extreme events, losses attributable to each event
will tend to increase (101).

There are several sources of information but the largest, most used and 
most reliable is a database created in 1988 with support from the World Health
Organization and the Belgium Government (EM-DAT). The objective of 
EM-DAT is:
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“. . . to serve the purposes of humanitarian action at national and international
levels. It is an initiative aimed to rationalise decision-making for disaster prepared-
ness, as well as providing an objective base for vulnerability assessment and prior-
ity setting” (92).

The Centre for Research on the Epidemiology of Disasters (CRED) records events
where at least 10 people were reported killed; 100 people were reported affected;
there was a call for international assistance; or declaration of a state of emer-
gency. There are increasing trends of economic and insured losses from disaster
events, and economic annual losses have increased ten-fold since the 1950s
(102). However, much of the upward trend in economic losses probably is due
to societal shifts and increasing vulnerability to weather and climate extremes
(103).

Data for the 1980s and 1990s are shown in Table 5.3. This shows the numbers
of events, people killed and people affected by weather-related natural disasters
in each decade, by region of the world. Some regions are more severely affected
than others, although some show a decrease in the number of people killed
(Africa and eastern Mediterranean) and the number of people affected (Africa,
Americas and south-east Asia).

Reasons for the observed increases include:

• increasing concentration of people and property in urban areas
• settlement in exposed or high risk areas (e.g. flood plains, coastal zones)
• changes in environmental conditions (e.g. deforestation can increase flood

risk).

There has been an apparent recent increase in the number of disasters but little
change in the number of people killed (94). In 2000 there were over 400 disas-
ters, with 250 million people affected (94). This paradox may be explained by
technological advances in the construction of buildings and infrastructure along
with advancements in early warning systems, especially in more developed
regions. Although there are pronounced year-to-year fluctuations in the
numbers of deaths due to disasters, a trend towards increased numbers of deaths
and numbers of people affected has been observed in recent decades (94).

The health impacts of disasters

Extreme weather events directly cause death and injury and have substantial
indirect health impacts. These indirect impacts occur as a result of damage to the
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TABLE 5.3 Number of events, people killed and affected, by region of the world for the 1980s
and 1990s.

Region 1980s 1990s

Events Killed Affected Events Killed Affected

Africa 243 416851 137758905 247 10414 104269095
Eastern Europe 66 2019 129345 150 5110 12356266
Eastern Mediterranean 94 161632 17808555 139 14391 36095503
Latin America & Caribbean 265 11768 54110634 298 59347 30711952
South East Asia 242 53853 850496448 286 458002 427413756
Western Pacific 375 35523 273089761 381 48337 1199768618
Developed 563 10211 2791688 577 5618 40832653
Total 1848 691857 1336185336 2078 601219 1851447843

N.B. Regions used in this table correspond to the map of regions used in chapter 7.



local infrastructure, population displacement and ecological change. Direct and
indirect impacts can lead to impairment of the public health infrastructure, psy-
chological and social effects, and reduced access to health care services (104). The
health impacts of natural disasters include (105, 106):

• physical injury;
• decreases in nutritional status, especially in children;
• increases in respiratory and diarrhoeal diseases due to crowding of sur-

vivors, often with limited shelter and access to potable water;
• impacts on mental health which may be long lasting in some cases;
• increased risk of water-related and infectious diseases due to disruption of

water supply or sewage systems, population displacement and overcrowding;
• release and dissemination of dangerous chemicals from storage sites and

waste disposal sites into flood waters.

Floods
Floods are associated with particular dangers to human populations (107). Imme-
diate effects are largely death and injuries from drowning and being swept against
hard objects. Local infrastructure can be affected severely during a natural dis-
aster. El Niño related damage may include: flood damage to buildings and equip-
ment, including materials and supplies; flood damage to roads and transport;
problems with drainage and sewerage; and damage to water supply systems.

During and following both catastrophic and non-catastrophic flooding, there
is a risk to health if the floodwaters become contaminated with human or animal
waste. A study in populations displaced by catastrophic floods in Bangladesh in
1988 found that diarrhoea was the most common illness, followed by respira-
tory infection. Watery diarrhoea was the most common cause of death for all age
groups under 45 (108). In both rural Bangladesh and Khartoum, Sudan, the pro-
portion of severely malnourished children increased after flooding (109, 110). In
developed countries, both physical and disease risks from flooding are greatly
reduced by a well maintained flood control and sanitation infrastructure and
public health measures, such as monitoring and surveillance activities to detect
and control outbreaks of infectious disease. However, the recent experience of
flooding in Central Europe, in which over 100 people died, showed that floods
can have a major impact on health and welfare in industrialised countries too
(111).
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TABLE 5.4 Theoretical risk of acquiring communicable diseases, by type of disaster.

Type Person to person Water borne Food borne Vector borne

Earthquake M M M L
Volcano M M M L
Hurricane M H M H
Tornado L L L L
Heatwave L L L L
Coldwave L L L L
Flood M H M H
Famine H H M M
Fire L L L L

H = High.
M = Medium.
L = Low.
Source: Reproduced from reference 106.



Floods also cause psychological morbidity. Following flooding in Bristol, UK,
primary care attendance rose by 53% and referrals and admissions to hospitals
more than doubled (112). Similar psychological effects were found following
floods in Brisbane, Australia, in 1974 (113). An increase in psychological 
symptoms and post-traumatic stress disorder, including 50 flood-linked suicides,
were reported in the two months following the major floods in Poland in 1997
(99).

A number of studies have established a link between dampness in the home,
including occasional flooding, with a variety of respiratory symptoms. For
example, a Canadian study found that flooding was linked significantly to 
childhood experience of cough, wheeze, asthma, bronchitis, chest illness, upper
respiratory symptoms, eye irritation and non-respiratory symptoms (114).

Windstorms and tropical cyclones
Impoverished and high-density populations in low-lying and environmentally
degraded areas are particularly vulnerable to tropical cyclones, the majority of
deaths caused by drowning in the storm surge (106, 115).

Bangladesh has experienced some of the most serious impacts of tropical
cyclones this century, due to a combination of meteorological and topographical
conditions and the inherent vulnerability of a low-income, poorly resourced pop-
ulation. Improved early warning systems have decreased the impacts in recent
years. However, the experience of Hurricane Mitch demonstrated the destruc-
tive power of an extreme event on such a region (116).

Droughts
A drought can be defined as “a period of abnormally dry weather which persists
long enough to produce a serious hydrologic imbalance” (118), or as a “period
of deficiency of moisture in the soil such that there is inadequate water required
for plants, animals and human beings” (92). There are four general types of
drought, all which impact on humans, but in different ways (118):

1. meteorological: measured precipitation is unusually low for a particular
region;

2. agricultural: amount of moisture in the soil is no longer sufficient for crops
under cultivation;

3. hydrological: surface water and groundwater supplies are below normal;
4. socioeconomic: lack of water affects the economic capacity of people to

survive, i.e. affects non-agricultural production.

The health impacts on populations occur primarily on food production. Famine
often occurs when a pre-existing situation of malnutrition worsens: the health
consequences of drought include diseases resulting from malnutrition (105). In
addition to adverse environmental conditions political, environmental or eco-
nomic crises can trigger a collapse in the food marketing systems. The major food
emergency in Sudan during 1998 illustrates the interrelationship between 
climatic triggers of famine and conflict.

In times of shortage, water is used for cooking rather than hygiene. This
increases the risk of diarrhoeal diseases (due to faecal contamination) and water-
washed diseases (trachoma, scabies). Outbreaks of malaria can occur due to
changes in vector breeding sites (119) and malnutrition increases susceptibility
to infection.
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Forest fires
The direct effects of fires on human health are burns and smoke inhalation. Loss
of vegetation on slopes may lead to soil erosion and increased risk of landslides,
often exacerbated when an urban population expands into surrounding hilly and
wooded areas.

Air pollution is linked to increased mortality and morbidity in susceptible
persons, and increased risk of hospital and emergency admissions. Assessments
are being undertaken of the short-term impacts on mortality and morbidity 
associated with the 1997 El Niño episode. However, such assessments often are
limited by lack of baseline data. WHO has published health guidelines for episodic
vegetation fires (120, 121).

Conclusions

The increasing trend in natural disasters partly is due to more complete report-
ing, as well as increasing vulnerability of populations. Poverty, population growth
and migration are major contributory factors affecting this vulnerability. Partic-
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BOX 5.3 Hurricane Mitch

Hurricane Mitch was the worst disaster to strike Central America in the twentieth century (95). It
began when a tropical depression, subsequently named Mitch, formed in the southern Caribbean Sea
on 21 October 1998. Between 22–26 October, Mitch increased in intensity, developed into a tropi-
cal storm and then a Category 5 hurricane (117). Winds of up to 295km per hour struck the coast-
lines of Nicaragua, Honduras, El Salvador, Guatemala and Belize, followed by heavy continuous rainfall
for over 5 days (95).

Mitch caused around 9550 deaths; destroyed or affected around 137851 homes; and affected a pop-
ulation of around 3174700 people (95, 116). Yet the effects of the tropical storm/hurricane were
worse than these high numbers indicate. This was due to the damage to infrastructure and services
that worsened the secondary effects. These secondary effects and additional impacts included 
(93, 95):

• increase in vectors leading to increased transmission of vector-borne diseases, especially malaria
and dengue;

• increases in communicable diseases such as gastrointestinal and respiratory diseases; losses in the
production sector: Honduras lost over 70% of banana, coffee and pineapple crops;

• set-backs to development plans: in Honduras reported to be 50 years;
• set-backs in progress in public health;
• set-backs in environmental health caused by flooding of wells and latrines, destruction of water

and sanitation systems and leakage of septic tanks and sewerage systems.

Factors that increased the vulnerability of the population of these countries to the effects of this
natural disaster include (116).

• increased population pressure;
• migration of the population to the more vulnerable areas, such as the low lying coastal areas and

along river banks;
• urbanization of the population leading to increased numbers living in poorly constructed houses

with little access to health, water and sanitation services;
• marginalisation of the population.

Economic losses were estimated at over US$ 7 billion for the region as a whole (95).



ularly in poor countries, the impacts of major vector-borne diseases and disas-
ters can limit or even reverse improvements in social development; even under
favourable conditions recovery from major disasters can take decades.

Quantitative public health forecasts, based on statistical associations between
climate variability and health outcomes, will be highly uncertain because future
social and economic trends will influence strongly the effects of climate change.
It will be possible to carry out qualitative assessments for policy purposes based
on less-than-perfect scientific evidence.

There is the potential to use seasonal forecasts to reduce the burden of disease.
At present, seasonal forecasts are of most use in the mitigation of drought, food
shortages and famine disasters, but the relationships described above could
provide the basis for early warning systems for epidemics. Currently available
predictive models of climate variability and communicable disease are 
insufficiently reliable to provide early warning of epidemics. Policy use probably
should await validation of these models by analysis of prospective epidemic 
forecasts.

Seasonal forecasting is only part of an early warning system that must incor-
porate monitoring and surveillance, as well as adequate response activities. Fore-
casts of climate extremes could improve preparedness and reduce adverse effects.
Focusing attention on extreme events also may help countries to develop better
means of dealing with the longer-term impacts of global climate change.

Conversely, the pressures on the biosphere that drive climate change may
cause critical thresholds to be breached, leading to shifts in natural systems 
that are unforeseen and rapid. Studying historical extremes of climate cannot
forewarn on the consequences of such events. Rapid changes in climate 
during extreme events may be more stressful than slowly developing changes
due to the greenhouse effect. Thus climatic variables that have the greatest influ-
ence in the short-term may not be those with the biggest impact in the longer
term.

Adaptive social responses to rapidly occurring periodic extremes of climate
may be less effective in the face of progressive climate shifts. For example,
increased food imports might prevent hunger and disease during occasional
drought, but poor countries are unlikely to be able to afford such measures indef-
initely in response to gradual year-by-year drying of continental areas.

Analogue studies of extreme climate events and human health provide impor-
tant clues about the interactions between climate, ecosystems and human 
societies that may be triggered by long-term climate trends. Whilst the short term
localized effects of simple climate extremes are most readily quantifiable, studies
of complex climate extremes provide important qualitative insights into these
relationships and the factors affecting population vulnerability.
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Introduction

The previous chapter considered how short-term variations in climatic conditions
and extreme weather events can exert direct effects on human death rates, phys-
ical injury, mental health and other health outcomes. Changes in mean climatic
conditions and climate variability also can affect human health via indirect path-
ways, particularly via changes in biological and ecological processes that influ-
ence infectious disease transmission and food yields. This chapter examines the
influences of climatic factors on infectious diseases.

For centuries humans have known that climatic conditions affect epidemic
infections—since well before the basic notion of infectious agents was under-
stood late in the nineteenth century. The Roman aristocracy took refuge in their
hill resorts each summer to avoid malaria. South Asians learnt early that in high
summer, strongly curried foods were less prone to induce diarrhoeal diseases. 
In the southern United States one of the most severe summertime outbreaks of
yellow fever (viral disease transmitted by the Aedes aegypti mosquito) occurred in
1878, during one of the strongest El Niño episodes on record. The economic and
human cost was enormous, with an estimated death toll of around 20000 people.
In developed countries today it is well known that recurrent influenza epidemics
occur in mid-winter.

Infectious disease transmission should be viewed within an ecological frame-
work. Infectious agents obtain the necessary nutrients and energy by parasitiza-
tion of higher organisms. Most such infections are benign, and some are even
beneficial to both host and microbe. Only a minority of infections that adversely
affect the host’s biology are termed “infectious disease”.

During the long processes of human cultural evolution; population dispersal
around the world; and subsequent inter-population contact and conflict; several
distinct transitions in human ecology and inter-population interactions have
changed profoundly the patterns of infectious disease in human populations.
Since the early emergence of agriculture and livestock herding around 10000
years ago, three great transitions in human/microbe relationships are readily 
recognizable (1):

103

CHAPTER 6

Climate change and infectious diseases
J. A. Patz,1 A. K. Githeko,2 J. P. McCarty,3 S. Hussein,1 U. Confalonieri,4

N. de Wet5

1 Johns Hopkins University, Baltimore, MD, USA.
2 Kenya Medical Research Institute, Kisumu, Kenya.
3 University of Nebraska at Omaha, Omaha, NE, USA.
4 Fundação Oswaldo Cruz, Rio de Janeiro, Brazil.
5 The International Global Change Institute, University of Waikato, New Zealand.



1. Early human settlements enabled enzootic infective species to enter H. sapiens.
2. Early Eurasian civilizations came into military and commercial contact around

2000 years ago, swapping dominant infections.
3. European expansionism over past five centuries caused transoceanic spread of

often lethal infectious diseases.

This may be the fourth great transitional period. The spread and increased labil-
ity of various infectious diseases, new and old, reflects the impacts of demo-
graphic, environmental, technological and other rapid changes in human
ecology. Climate change, one of the global environmental changes now under
way, is anticipated to have a wide range of impacts upon the occurrence of infec-
tious disease in human populations.

Disease classification
Broadly, infectious diseases may be classified into two categories based on the
mode of transmission: those spread directly from person to person (through
direct contact or droplet exposure) and those spread indirectly through an inter-
vening vector organism (mosquito or tick) or a non-biological physical vehicle
(soil or water). Infectious diseases also may be classified by their natural reser-
voir as anthroponoses (human reservoir) or zoonoses (animal reservoir).

Climate sensitivities of infectious diseases
Both the infectious agent (protozoa, bacteria, viruses, etc) and the associated
vector organism (mosquitoes, ticks, sandflies, etc.) are very small and devoid of
thermostatic mechanisms. Their temperature and fluid levels are therefore deter-
mined directly by the local climate. Hence, there is a limited range of climatic
conditions—the climate envelope—within which each infective or vector species
can survive and reproduce. It is particularly notable that the incubation time of
a vector-borne infective agent within its vector organism is typically very sensi-
tive to changes in temperature, usually displaying an exponential relationship.
Other climatic sensitivities for the agent, vector and host include level of pre-
cipitation, sea level elevation, wind and duration of sunlight.

Documented and predictive climate/infectious disease linkages
The seasonal patterns and climatic sensitivities of many infectious diseases are
well known; the important contemporary concern is the extent to which changes
in disease patterns will occur under the conditions of global climate change. Over
the past decade or so this question has stimulated research into three concen-
trations. First, can the recent past reveal more about how climatic variations or
trends affect the occurrence of infectious diseases? Second, is there any evidence
that infectious diseases have changed their prevalence in ways that are reason-
ably attributable to climate change? Third, can existing knowledge and theory
be used to construct predictive models capable of estimating how future scenar-
ios of different climatic conditions will affect the transmissibility of particular
infectious diseases?

Modifying influences
Climate is one of several important factors influencing the incidence of infectious
diseases. Other important considerations include sociodemographic influences
such as human migration and transportation; and drug resistance and nutrition;
as well as environmental influences such as deforestation; agricultural develop-
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ment; water projects; and urbanization. In this era of global development and
land-use changes, it is highly unlikely that climatic changes exert an isolated
effect on disease; rather the effect is likely dependent on the extent to which
humans cope with or counter the trends of other disease modifying influences.
While recognizing the important independent role of these non-climatic factors,
the focus of this section is to examine the extent to which they may compound
the effects of climatic conditions on disease outcomes.

Disease classifications relevant to climate/health relationships

Several different schemes allow specialists to classify infectious diseases. For clin-
icians who are concerned with treatment of infected patients, the clinical man-
ifestation of the disease is of primary importance. Alternatively, microbiologists
tend to classify infectious diseases by the defining characteristics of the micro-
organisms, such as viral or bacterial. For epidemiologists the two characteristics
of foremost importance are the method of transmission of the pathogen and its
natural reservoir, since they are concerned primarily with controlling the spread
of disease and preventing future outbreaks (2).

Climate variability’s effect on infectious diseases is determined largely by the
unique transmission cycle of each pathogen. Transmission cycles that require a
vector or non-human host are more susceptible to external environmental influ-
ences than those diseases which include only the pathogen and human. Impor-
tant environmental factors include temperature, precipitation and humidity
(discussed in more detail in the following section). Several possible transmission
components include pathogen (viral, bacterial, etc.), vector (mosquito, snail,
etc.), non-biological physical vehicle (water, soil, etc.), non-human reservoir
(mice, deer, etc.) and human host. Epidemiologists classify infectious diseases
broadly as anthroponoses or zoonoses, depending on the natural reservoir of the
pathogen; and direct or indirect, depending on the mode of transmission of the
pathogen. Figure 6.1 illustrates these four main types of transmission cycles for
infectious diseases. The following is a description of each category of disease, 
discussed in order of probable increasing susceptibility to climatic factors (3).

Directly transmitted diseases

Anthroponoses
Directly transmitted anthroponoses include diseases in which the pathogen nor-
mally is transmitted directly between two human hosts through physical contact
or droplet exposure. The transmission cycle of these diseases comprises two ele-
ments: pathogen and human host. Generally, these diseases are least likely to be
influenced by climatic factors since the agent spends little to no time outside the
human host. These diseases are susceptible to changes in human behaviour, such
as crowding and inadequate sanitation that may result from altered land-use
caused by climatic changes. Examples of directly transmitted anthroponoses
include measles, TB, and sexually transmitted infections such as HIV, herpes and
syphilis (3).

Zoonoses
Directly transmitted zoonoses are similar to directly transmitted anthroponoses
in that the pathogen is transmitted though physical contact or droplet exposure
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between reservoirs. However, these agents are spread naturally among animal
reservoirs and the infection of humans is considered to be a result of an acci-
dental human encounter. The persistence of these pathogens in nature is largely
dependent on the interaction of the animal reservoir and external environment
which can impact the rate of transmission, host immunity, rate of reproduction,
and species death, rendering these diseases more susceptible to effects of climate
variability. Hantavirus is a directly transmitted zoonosis that is naturally main-
tained in rodent reservoirs and can be transmitted to humans at times of
increased local abundance of the reservoir (4). Rabies is another directly trans-
mitted zoonosis that naturally infects small mammals, although with very little
opportunity for widespread transmission, being highly pathogenic to its verte-
brate host (3). Several of today’s anthropogenic diseases, e.g. TB and HIV, origi-
nally emerged from animals.

Indirectly transmitted diseases (anthroponoses & zoonoses)

Indirectly transmitted anthroponoses are a class of diseases defined by 
pathogen transmission between two human hosts by either a physical vehicle
(soil) or a biological vector (tick). These diseases require three components for a
complete transmission cycle: the pathogen, the physical vehicle or biological
vector, and the human host. Most vectors require a blood meal from the verte-
brate host in order to sustain life and reproduce. Indirectly transmitted anthro-
ponoses include malaria and dengue fever, whereby the respective malaria
parasite and the dengue virus are transmitted between human hosts by mosquito
vectors (vector-borne disease). Indirectly transmitted water-borne anthroponoses
are susceptible to climatic factors because the pathogens exist in the external
environment during part of their life cycles. Flooding may result in the conta-
mination of water supplies or the reproduction rate of the pathogen may be 
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FIGURE 6.1 Four main types of transmission cycle for infectious diseases.
Source: reproduced from reference 3.
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influenced by ambient air temperatures (3). Cholera is an indirectly transmitted
water-borne anthroponose that is transmitted by a water vehicle: the bacteria
(Vibrio cholerae) reside in marine ecosystems by attaching to zooplankton. Sur-
vival of these small crustaceans in turn depends on the abundance of their food
supply, phytoplankton. Phytoplankton populations tend to increase (bloom)
when ocean temperatures are warm. As a result of these ecological relationships,
cholera outbreaks occur when ocean surface temperatures rise (5).

Indirectly transmitted zoonoses are similar to indirectly transmitted anthro-
ponoses except that the natural cycle of transmission occurs between non-
human vertebrates: humans are infected due to accidental encounters with an
infected vehicle or vector. This class of disease involves four components in the
transmission cycle: the pathogen, biological vector or physical vehicle, animal
reservoir, and human host. These diseases are highly susceptible to a combina-
tion of ecological and climatic factors because of the numerous components in
the transmission cycle, and the interaction of each of these with the external
environment (3).

Complex cycles of disease transmission also exist for several diseases which
cannot be classified simply by method of transmission or natural reservoir. Such
a disease is Rift Valley fever where the virus is primarily a zoonotic disease, spread
among vertebrate hosts by the mosquito species Aedes. Primarily under flood con-
ditions, Culex mosquitoes may feed upon infected ungulate hosts. This vector is
referred to as a bridge species because it feeds on humans also, resulting in spread
of the virus outside its normal zoonotic cycle (3).

Climate sensitivity of infectious disease

Seasonality of infectious disease

Chapter 5 discussed patterns of winter mortality and infectious disease using the
example of cyclic influenza outbreaks occurring in the late fall, winter and early
spring in North America. This disease pattern may result from increased likeli-
hood of transmission due to indirect social or behavioural adaptations to the cold
weather such as crowding indoors. Another possibility is that it may be attrib-
uted directly to pathogen sensitivities to climatic factors such as humidity. In
addition to influenza, several other infectious diseases exhibit cyclic seasonal 
patterns, which may be explained by climate.

In diverse regions around the world, enteric diseases show evidence of signif-
icant seasonal fluctuations. In Scotland, campylobacter infections are character-
ized by short peaks in the spring (6). In Bangladesh, cholera outbreaks occur
during the monsoon season (5). In Peru, cyclospora infections peak in the
summer and subside in the winter (7). Similarly, some vector-borne diseases (e.g.
malaria and dengue fever) also show significant seasonal patterns whereby trans-
mission is highest in the months of heavy rainfall and humidity. Epidemics of
other infections (e.g. meningococcal meningitis) tend to erupt during the hot and
dry season and subside soon after the beginning of the rainy season in sub-
Saharan Africa (8).

Seasonal fluctuations of infectious disease occurrence imply an association
with climatic factors. However, to prove a causal link to climate, non-climatic
factors must be considered. Furthermore, in order to assess long-term climate
influences on disease trends, data must span numerous seasons and utilize proper
statistics to account for seasonal fluctuations.
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Vector-borne diseases

Important properties in the transmission of vector-borne diseases include:

• survival and reproduction rate of the vector
• time of year and level of vector activity, specifically the biting rate
• rate of development and reproduction of the pathogen within the vector (9).

Vectors, pathogens, and hosts each survive and reproduce within certain optimal
climatic conditions and changes in these conditions can modify greatly these
properties of disease transmission. The most influential climatic factors for vector-
borne diseases include temperature and precipitation but sea level elevation,
wind, and daylight duration are additional important considerations. Table 6.1
gives an overview of the impact of climatic change on each biological compo-
nent of both vector and rodent-borne diseases. The following paragraphs discuss
several of these effects in greater detail.

Temperature sensitivity
Extreme temperatures often are lethal to the survival of disease-causing
pathogens but incremental changes in temperature may exert varying effects.
Where a vector lives in an environment where the mean temperature approaches
the limit of physiological tolerance for the pathogen, a small increase in tem-
perature may be lethal to the pathogen. Alternatively, where a vector lives in an
environment of low mean temperature, a small increase in temperature may
result in increased development, incubation and replication of the pathogen (10,
11). Temperature may modify the growth of disease carrying vectors by altering
their biting rates, as well as affect vector population dynamics and alter the rate
at which they come into contact with humans. Finally, a shift in temperature
regime can alter the length of the transmission season (12).

Disease carrying vectors may adapt to changes in temperature by changing
geographical distribution. An emergence of malaria in the cooler climates of the
African highlands may be a result of the mosquito vector shifting habitats to cope
with increased ambient air temperatures (13). Another possibility is that vectors
undergo an evolutionary response to adapt to increasing temperatures. There is
recent evidence to suggest that the pitcher-plant mosquito (Wyeomia smithii) can
adapt genetically to survive the longer growing seasons associated with climate
change. Bradshaw and Holzapfel demonstrated this by documenting a change in
the photoperiodic response between two different time periods in two popula-
tions of pitcher-plant mosquitoes. The change in response was correlated to a
marked genetic shift within the mosquito species. A greater degree of micro-
evolutionary response was associated with mosquito populations inhabiting
higher latitudes; the hypothesis is that because these populations have greater
selection pressure they have also a greater ability to evolve genetically. Although
this study was limited to one specific species of mosquito, it suggests that other
mosquitoes, perhaps disease carrying vectors, may undergo an analogous micro-
evolution which would allow adaptation to altered seasonal patterns associated
with global climate change (14).

Precipitation sensitivity
Variability in precipitation may have direct consequences on infectious disease
outbreaks. Increased precipitation may increase the presence of disease vectors
by expanding the size of existent larval habitat and creating new breeding
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grounds. In addition, increased precipitation may support a growth in food sup-
plies which in turn support a greater population of vertebrate reservoirs. Unsea-
sonable heavy rainfalls may cause flooding and decrease vector populations by
eliminating larval habitats and creating unsuitable environments for vertebrate
reservoirs. Alternatively, flooding may force insect or rodent vectors to seek
refuge in houses and increase the likelihood of vector-human contact. Epidemics
of leptospirosis, a rodent-borne disease, have been documented following severe
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TABLE 6.1 Effects of weather and climate on vector and rodent-borne
diseasesa.

Vector-borne pathogens spend part of their life-cycle in cold-blooded arthropods that are subject to
many environmental factors. Changes in weather and climate that can affect transmission of vector-
borne diseases include temperature, rainfall, wind, extreme flooding or drought, and sea level rise.
Rodent-borne pathogens can be affected indirectly by ecological determinants of food sources
affecting rodent population size, floods can displace and lead them to seek food and refuge.

Temperature effects on selected vectors and vector-borne pathogens

Vector
• survival can decrease or increase depending on species;
• some vectors have higher survival at higher latitudes and altitudes with higher temperatures;
• changes in the susceptibility of vectors to some pathogens e.g. higher temperatures reduce size

of some vectors but reduce activity of others;
• changes in the rate of vector population growth;
• changes in feeding rate and host contact (may alter survival rate);
• changes in seasonality of populations.

Pathogen
• decreased extrinsic incubation period of pathogen in vector at higher temperatures
• changes in transmission season
• changes in distribution
• decreased viral replication.

Effects of changes in precipitation on selected vector-borne pathogens

Vector
• increased rain may increase larval habitat and vector population size by creating new habitat
• excess rain or snowpack can eliminate habitat by flooding, decreasing vector population
• low rainfall can create habitat by causing rivers to dry into pools (dry season malaria)
• decreased rain can increase container-breeding mosquitoes by forcing increased water storage
• epic rainfall events can synchronize vector host-seeking and virus transmission
• increased humidity increases vector survival; decreased humidity decreases vector survival.

Pathogen
Few direct effects but some data on humidity effects on malarial parasite development in the
anopheline mosquito host.

Vertebrate host
• increased rain can increase vegetation, food availability, and population size
• increased rain can cause flooding: decreases population size but increases human contact.

Increased sea level effects on selected vector-borne pathogens
Alters estuary flow and changes existing salt marshes and associated mosquito species,
decreasing or eliminating selected mosquito breeding-sites (e.g. reduced habitat for Culiseta
melanura)

a The relationship between ambient weather conditions and vector ecology is complicated by the natural
tendency for insect vectors to seek out the most suitable microclimates for their survival (e.g. resting under
vegetation or pit latrines during dry or hot conditions or in culverts during cold conditions).

Source: reproduced from reference 12.



flooding in Brazil (15). In the wet tropics unseasonable drought can cause rivers
to slow, creating more stagnant pools that are ideal vector breeding habitats.

Humidity sensitivity
Humidity can greatly influence transmission of vector-borne diseases, particu-
larly for insect vectors. Mosquitoes and ticks can desiccate easily and survival
decreases under dry conditions. Saturation deficit (similar to relative humidity)
has been found to be one of the most critical determinants in climate/disease
models, for example, dengue fever (16, 17) and Lyme disease models (18).

Sea level sensitivity
The projected rise in sea level associated with climate change is likely to decrease
or eliminate breeding habitats for salt-marsh mosquitoes. Bird and mammalian
hosts that occupy this ecological niche may be threatened by extinction, which
would also aid the elimination of viruses endemic to this habitat (19). Alterna-
tively, inland intrusion of salt water may turn former fresh water habitats into
salt-marsh areas which could support vector and host species displaced from
former salt-marsh habitats (19).

Water-borne diseases

Human exposure to water-borne infections can occur as a result of contact with
contaminated drinking water, recreational water, coastal water, or food. Expo-
sure may be a consequence of human processes (improper disposal of sewage
wastes) or weather events. Rainfall patterns can influence the transport and dis-
semination of infectious agents while temperature can affect their growth and
survival (20). Table 6.2 outlines some of the direct and indirect weather effects
on enteric viruses, bacteria and protozoa.
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TABLE 6.2 Water and food-borne agents: connection to climate.

Pathogen Pathogenic agent Food-borne Water-borne Indirect Direct weather 
groups agents agents weather effect effect

Viruses Enteric viruses Shellfish Groundwater Storms can Survival increases 
(e.g.  hepatitis increase transport at reduced 
A virus, from faecal and temperatures and 

Coxsackie B virus) waste water sunlight 
sources (ultraviolet)a

Bacteria Vibrio (e.g. V. Shellfish Recreational, Enhanced Salinity and 
Cyanobacteria vulnificus, V. Wound zooplankton temperature 
Dinoflagellates Parahaemolyticus, infections blooms associated with 

V. cholerae growth in marine 
non-01; environment

Anabaena spp.,
Gymnodinium
Pseydibutzschia
spp.)

Protozoa Enteric protozoa Fruit and Recreational Storms can increase Temperature 
(e.g. Cyclospora, vegetables and drinking transport from faecal associated 

Crytosporidium) water and waste water with maturation 
sources. and infectivity of

Cyclospora

a Also applies to bacteria and protozoa.
Source: Reproduced from reference 20.



Temperature sensitivity
Increasing temperatures may lengthen the seasonality or alter the geographical
distribution of water-borne diseases. In the marine environment, warm temper-
atures create favourable conditions for red tides (blooms of toxic algae) which
can increase the incidence of shellfish poisoning (21). Increasing sea surface tem-
peratures can indirectly influence the viability of enteric pathogens such as Vibrio
cholerae by increasing their reservoir’s food supply (5). Ambient air temperatures
also have been linked to hospital admissions of Peruvian children with diarrhoeal
disease (22).

Precipitation sensitivity
Heavy rains can contaminate watersheds by transporting human and animal
faecal products and other wastes in the groundwater. Evidence of water conta-
mination following heavy rains has been documented for cryptosporidium,
giardia, and E.coli (4, 23). This type of event may be increased in conditions of
high soil saturation due to more efficient microbial transport (20). At the other
extreme, water shortages in developing countries have been associated with
increases in diarrhoeal disease outbreaks that are likely attributed to improper
hygiene (24).

Documented and predicted climate/infectious disease links

Research investigating possible links between temporal and spatial variation of
climate and the transmission of infectious diseases can be categorized into one
of three conceptual areas:

1. evidence for associations between short-term climate variability and infectious
disease occurrence in the recent past.

2. evidence for long-term trends of climate change and infectious disease 
prevalence.

3. evidence from climate and infectious disease linkages used to create predic-
tive models for estimating the future burden of infectious disease under pro-
jected climatic conditions.

Historical evidence of climate/infectious disease links

The study of several infectious diseases has resulted in evidence for associations
between climatic variations or trends and disease occurrence. These include
encephalitis, malaria and various water-borne diseases.

Encephalitis
Evidence suggests that epidemics of certain arboviruses, such as Saint Louis
encephalitis virus (SLEV), may be associated with climatic factors. Shaman and
colleagues conducted a study on SLEV in south Florida. In this region the trans-
mission cycle can be divided into:

• maintenance: January–March
• amplification: April–June
• early transmission: July–September
• late transmission: October–December.

Mosquito vectors interact with avian hosts during the period of amplification.
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The objective of this study was to assess the relationship between precipita-
tion level and SLEV transmission, using a hydrology model to simulate water
table depth (WTD) and SLEV incidence in sentinel chickens to estimate human
transmission risk.

Three episodes of SLEV transmission were observed in the duration of this
study. Each episode occurred during a wet period directly followed by drought
(defined by high and low WTD, respectively). These results suggest the follow-
ing sequence of events predisposing springtime SLEV transmission: spring
drought forces the mosquito vector, Cx. nigripalpus, to converge with immature
and adult wild birds in restrictive, densely vegetated, hammock habitats. This
forced interaction of mosquito vectors and avian hosts creates an ideal setting for
rapid transmission and amplification of SLEV. Once the drought ends and water
sources are restored, the infected vectors and hosts disperse and transmit SLEV
to a much broader geographical area. This study suggests that similar drought
induced amplification might occur in other arboviruses (25).

A similar effect of climate has been suggested for West Nile virus (WNV), intro-
duced into the Americas in 1999. Amplification of the virus is thought to occur
under the climatic conditions of warm winters followed by hot dry summers.
Similar to SLEV, WNV is a vector-borne zoonotic disease, normally transmitted
between birds by the Culex pipiens mosquito. The vector tends to breed in foul
standing water. In drought conditions, standing water pools become even more
concentrated with organic material and mosquito predators, such as frogs and
dragonflies, lessen in number. Birds may circulate around small water-holes and
thus increase interactions with mosquitoes. In 1999 such climatic conditions
existed in the mid-Atlantic States. Together with urban and suburban envir-
onments suitable for avian species they are possible explanations for the 
epidemic (26).

Malaria
Scientific evidence suggests that malaria varies seasonally in highly endemic
areas. Malaria is probably the vector-borne disease most sensitive to long-term
climate change (27). Malaria thus provides several illustrative examples (based
on historical studies) of the link between infectious disease and climate change,
many of which have been described in the previous chapter.

Githeko et al. (28) compared monthly climate and malaria data in highland
Kakamega and found a close association between malaria transmission and
monthly maximum temperature anomalies over three years (1997–2000).

Patz and colleagues studied the effect of soil moisture to determine the effects
of weather on malaria transmission. Compared to raw weather data, hydro-
logical modelling has several potential advantages for determining mosquito-
breeding sites. High soil moisture conditions and vector breeding habitats can
remain long after precipitation events, depending on factors such as watershed,
run-off and evapotranspiration. For An. gambiae, the soil moisture model pre-
dicted up to 45% and 56% of the variability of human biting rate and entomo-
logical inoculation rate, respectively (29).

The link between malaria and extreme climatic events has long been the
subject of study in the Indian subcontinent. Early in the twentieth century, the
Punjab region experienced periodic epidemics of malaria. Irrigated by five rivers,
this geographical plains region borders the Thar Desert. Excessive monsoon rain-
fall and resultant high humidity were clearly identified as major factors in the
occurrence of epidemics through enhancement of both the breeding and life-
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span of mosquitoes (30). More recently, historical analyses have shown that the
risk of a malaria epidemic increased approximately five-fold during the year fol-
lowing an El Niño in this region (31, 32). Further, the risk of an epidemic is
greater in a year in which excess rain occurs in critical months. A strong corre-
lation is found between both annual rainfall and the number of rainy days and
the incidence of malaria in most districts of Rajasthan and in some districts in
Gujarat (33).

The relationship between interannual climatic variation associated with the
ENSO cycle and malaria has been examined in various other countries. For
example, Venezuela experiences reduced rainfall during an El Niño year (34).
Figure 6.2 illustrates that, consistently throughout the twentieth century, malaria
rates increased on average by over one-third in the year immediately following
an El Niño year. The likely reasons for this include the combination of mosquito-
favouring, high rainfall in the post-Niño year with temporarily reduced immu-
nity levels in the local population following the previous low-incidence year.

Water-borne disease
Most observed associations between climate and water-borne diseases are based
on indirect evidence of seasonal variations. However, several studies provide
quantitative evidence of water-borne diseases’ links to climatic factors such as
precipitation and ambient air temperature.

The previous chapter introduced one study of childhood diarrhoeal disease in
Peru, a good example of historical evidence of a climate-health linkage. Check-
ley and colleagues used time series regression techniques to analyse the health
effects of the 1997–98 EL Niño event on hospital admissions for diarrhoea. This
study revealed several important findings. The El Niño event increased hospital
admissions up to two-fold in winter, compared to expected rates determined from
the previous four years. For each 1°C increase in temperature, hospital admis-
sion increased by 8%. An additional 6225 cases of diarrhoeal disease were attrib-
uted to El Niño (22).

In another study, Curriero and colleagues examined the association between
extreme precipitation and water-borne disease outbreaks in the United States
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FIGURE 6.2 Relationship
between reported malaria cases
and El Niño in Venezuela. Average
relative change in malaria incidence
two years before (-1 and -2 years),
during (year 0) and two years after El
Niño event (+1 and +2) years). Data
are for malaria deaths at the coast
1910–1935 (open bars), malaria cases
for the whole country 1975–1995
(grey bars), and the average of both
(black bars), with lines indicating 
the SEs. Source: reproduced from
reference 34.

2.0

1.8

1.6

1.4

1.2

1.0

0.8

M
ea

n 
ch

an
ge

-2 -1 0 (Niño) +1 +2

Time lag, y



between 1948 and 1994. Their findings show a statistically significant associa-
tion between heavy precipitation and water-borne disease outbreaks, over 50%
of outbreaks being preceded by very wet months within the upper tenth per-
centile of a 50-year monthly rainfall record (35).

Early indicators for long-term trends in global warming

Many physical and biological indicators of long-term climate change effects have
been documented. These include: thawing of permafrost; later freezing and
earlier break-up of ice on rivers and lakes; pole-ward and altitudinal shifts in the
ranges of a variety of plants and animals; earlier flowering of trees, emergence
of insects and egg-laying of birds (36). However, human health outcomes are
dependent on many upstream physical and biological systems. Disease analyses
are complicated by the potential for numerous human population response
options to reduce risk. Even if disease does occur, variability in detection and/or
reporting remain major obstacles to determining valid trends in human disease
incidence. Despite the difficulty that precludes a quantitative analysis of long-
term trends in climate change and incidence of infectious diseases, several studies
have reported such associations.

Rodo and colleagues found a robust relationship between progressively
stronger El Niño events and cholera prevalence in Bangladesh, spanning a 70-
year period. The investigators used innovative statistical methods to conduct a
time series analysis of historical cholera data dating back to 1893, to examine the
effect of non-stationary interannual variability possibly associated with climate
change. In the last two decades, the El Niño Southern Oscillation (ENSO) has
differed from previous decades. Since the 1980s there has been a marked inten-
sification of the ENSO, beyond that expected from the known shift in the Pacific
Basin temperature regime that began in the mid 1970s. The authors found the
association of cholera incidence in the earlier half of the century (1893–1940) to
be weak and uncorrelated with ENSO, while late in the century (1980–2001) the
relationship is strong and consistent with ENSO. Past climate change, therefore,
already may have affected cholera trends in the region via intensified ENSO
events (37).

For vector-borne disease, linkages with climate may be questioned by the role
of other factors such as socioeconomic, demographic and environmental influ-
ences. Kovats and colleagues offer a strategy for critically assessing the evidence
for an association between vector-borne diseases and observed climate change.
Important criteria for accepting a causal relationship between climate change and
disease include:

• evidence for biological sensitivity to climate, requiring both field and labo-
ratory research on important vectors and pathogens;

• meteorological evidence of climate change, requiring sufficient measure-
ments for specific study regions;

• evidence for epidemiological or entomological change with climate change,
accounting for potential confounding factors.

Kovats and colleagues stress the importance of frequent and long-term sampling
to monitor the full range of specific vector species (9).

Evidence suggests a long-term association between climate change and tick-
borne disease, such as encephalitis. In Sweden, Lindgren and colleagues con-
ducted a study to determine whether the increasing incidence of tick-borne
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encephalitis (TBE) could be linked to changes in the climate during the period
1960–1998. Regression analysis on incident TBE cases was conducted account-
ing for climatic factors for the two previous years, to account for the long life-
span of the ticks. Results indicate that the increase in TBE was associated with
several climatic variables including: two mild consecutive winter seasons; tem-
peratures favouring spring development; extended autumn activity in the year
preceding the case; and temperatures favouring tick activity in the early spring
of the incident year. One conclusion of this study is that the increased incidence
of TBE can be explained by climate changing towards milder winters and early
spring arrival. In 1994 Sweden reported the highest rates of TBE: a three-fold
increase from the annual average. The year was preceded by five consecutive
mild winters and seven early spring arrivals (38).

The investigators suggest a possible role of non-climatic factors in the increase
incidence of TBE, including increased summer habitation in the area, availabil-
ity of TBE vaccine and mammalian host populations respectively (38). Another
opinion finds no causal link in the relationship between increased TBE and
climate change in Sweden: elsewhere in Europe TBE shows variable patterns
with season, suggesting the role of an alternative factor. Other explanations may
be sociopolitical circumstances or changing agricultural patterns (39).

Predictive modelling

Models are important tools for analysing complex infectious disease transmission
pathways. They allow investigators to link future geographically gridded projec-
tions of climate change (especially temperature and precipitation) generated by
global or regional climate models to a model of the relationship between those
climate variables and the occurrence of the disease of interest. Models will likely
be important in directing future studies as well as predicting disease risk. The
complex modelling required for the study of infectious diseases is a challenge but
several successful attempts have been made. Modelling approaches can be clas-
sified into several categories including statistical, process and landscape based
models (40).

Statistical based models
Empirical models incorporating a range of meteorological variables have been
developed to describe the climatic constraints (the bioclimate envelope) for
various vector-borne diseases. The CLIMEX model developed by Sutherst and
colleagues (41, 42) maps the geographical distribution of vector species in rela-
tion to climate variables. The assessment is based on an ecoclimatic index gov-
erned largely by the temperature and moisture requirements of the vector.
CLIMEX analyses conducted in Australia indicate that the indigenous vector of
malaria would be able to expand its range 330km south under one typical sce-
nario of climate change. However, such methods cannot include all factors that
affect species distributions. Local geographical barriers and interaction/competi-
tion between species are important factors which determine whether species
colonise the full extent of suitable habitat (43). Assessments may also include
additional dynamic population (process-based) models (e.g. DYMEX).

Similarly, Martin and Lefebvre developed a Malaria-Potential-Occurrence-
Zone model. This model was combined with 5 general circulation models (GCMs)
of global climate to estimate the changes in malaria risk based on moisture and
the minimum and maximum temperatures required for parasite development.
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This model corresponded fairly well with the distribution of malaria in the 
nineteenth century and the 1990s, allowing for areas where malaria had been
eradicated. An important conclusion of this exercise was that all simulation runs
showed an increase in seasonal (unstable) malaria transmission (44).

Rogers and Randolph presented data contradicting the prevailing predictions
of global malaria expansion. They used a two-step statistical approach that used
present day distributions of falciparum malaria to identify important climatic
factors and applied this information, along with projected climatic conditions, to
predict future falciparum distributions. The model showed future falciparum
habitat distributions similar to the present day. One of their conclusions is that
the organism’s biological reaction to temperature extremes will likely be balanced
by other factors, such as precipitation (45).

Another approach, used by Reeves and colleagues, incorporates experimental
and observational data to examine the effect of temperature on survival of mos-
quito species Culex tarsalis, the primary vector for St. Louis encephalitis (SLE) and
western equine encephalitis (WEE). Observational data were obtained for two
regions of California that differ consistently by an average of 5°C. In the north-
ern region vector populations peak in midsummer, southern populations peak
in the spring. The experimental data was obtained by use of a programmable
environmental chamber that allowed investigators to study the effect of tem-
perature on a variety of factors including vector competence and survival. Inves-
tigators predict that an increase of 5°C across California would result in a loss of
WEE prevalence and an expansion of SLE in the warmer region (19).

Process-based (mathematical) models
A process-based approach is important in climate change studies as some antic-
ipated climate conditions have never occurred before and cannot be empirically
based.

Martens and colleagues have developed a modelling method (46, 47, 48, 49).
Their MIASMA model links GCM-based climate change scenarios with the
formula for the basic reproduction rate (Ro) to calculate the ‘transmission poten-
tial’ of a region where malaria mosquitoes are present. The basic reproduction
rate is defined as the number of new cases of a disease that will arise from one
current case introduced into a non-immune host population during a single
transmission cycle (50). This harks back to classical epidemiological models of
infectious disease. Model variables within Ro that are sensitive to temperature
include mosquito density, feeding frequency, survival and extrinsic incubation
period (i.e. time required for parasite to develop the in the mosquito). The
MIASMA approach models temperature effects on the last three of these
processes, making an assumption (conservative in many habitats) that mosquito
density remains unaffected by temperature increases. The model shows that the
effects of small temperature increases on the extrinsic incubation period have
large affects on transmission potential. This is consistent with the observation
that the minimum temperature for parasite development is the limiting factor
for malaria transmission in many areas.

In an effort to examine the apparent trend of increasing endemic malaria in
the African highlands, Lindsay and Martens used the MIASMA model based on
climate variables to identify epidemic prone regions in the African highlands and
make predictions for future epidemic regions with projected changes in the
climate. The model was used to calculate the effect of climate on factors such as
mosquito development, feeding frequency, longevity and parasite incubation
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time. Baseline transmission potential was compared to several futuristic scenar-
ios including:

• 2°C increase in ambient air temperature
• 2°C increase in ambient air temperature and 20% increase in precipitation
• 2°C increase in ambient air temperature and 20% decrease in precipitation.

Increasing temperature resulted in an increase in transmission potential at
high elevations (>900m). Also, transmission potential was found to decrease
with decreasing precipitation. A combination of decreasing precipitation and
increasing temperature is unfavourable for disease transmission (51).

Hartman et al. (52) used 16GCM future scenarios to study their effect on
climate suitability for malaria in Zimbabwe. Using the MARA/ARMA model (see
Box 1) of climatic limits on Anopheles mosquitoes and Plasmodium parasites, the
authors mapped the change in geographical distribution of endemic malaria. For
all scenarios the highlands become more suitable for malaria transmission while
the lowlands show varying degrees of change.

Process-based models also have been applied to dengue fever. Focks and col-
leagues developed a pair of probabilistic models to examine the transmission of
dengue fever in urban environments. The container-inhabiting mosquito simu-
lation model (CIMSiM) is an entomological model which uses information from
weather to model outcomes such as mosquito abundance, age, development,
weight, fecundity, gonotrophic status and adult survival. The dengue simulation
model (DENSiM) uses the entomological output from the CIMSiM to determine
the biting mosquito population. Survival and emergence factors are important
predictors of population size within the DENSiM and gonotrophic development
and weight are major influences on biting rates. These combined models provide
a comprehensive account of the factors influencing dengue transmission. The 
on-going validation of these models will help to create a useful tool for future
dengue control (16).

Landscape based models
Climate influences infectious disease transmission by not only affecting directly
the rate of biological processes of pathogens and vectors but also influencing their
habitats. Clearly there is potential in combining the climate-based models
described above with the rapidly developing field of study which uses spatial ana-
lytical methods to study the effects of meteorological and other environmental
factors (e.g. different vegetation types), measured by ground-based or remote
sensors.

Satellite data can be used to identify the environmental limitations defining a
vector/host/pathogen range. They can be analysed with weather data to deter-
mine the factors most important in describing current disease distribution, and
the effect of projected changes in climate on this distribution (53). Other indices,
such as the Normalised Difference Vegetation Index (NDVI), which correlates
with the photosynthetic activity of plants, rainfall and saturation deficit also may
be useful (54).

Remote sensing has been used in several studies of malaria. Mosquito distri-
bution and malaria incubation time are dependent on climatic factors such as
moisture and temperature. This allows the potential for satellite imagery of
climate to predict mosquito distribution and transmission patterns. These extrin-
sic data, along with intrinsic variables such as immunity and nutritional status
of the population, can help to create models appropriate at the local level for
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present climatic scenarios. In turn these can be used as future warning tools for
predicted climate scenarios (55). An illustrative example of this type of model-
ling is the MARA project which used satellite data to stratify malaria risk in the
African highlands (Box 1).

Thomson et al. conducted satellite based spatial analysis in the Gambia to
measure the impact of bed net use on malaria prevalence rates in children. Satel-
lite data (NDVI) are used to measure changes in vegetative growth and senes-
cence as proxy ecological variables representing changes in rainfall and humidity
to predict length and intensity of malaria transmission. After accounting for
spatial correlation of the villages used in the study, investigators found a signif-
icant association between malaria prevalence and both NDVI and use of bed nets
(treated or untreated), by use of multiple regression analysis. This study suggests
that NDVI data can be a useful predictor of malaria prevalence in children, having
accounted for behavioural factors (56).

A three-phase study of malaria provides another example of satellite based
predictive modelling. The first phase of this study tested the use of remote sensing
data and ground surveillance data as predictive tools for the temporal and spatial
distribution of larval populations of mosquito vector Anopheles freeborni, in 
California. The satellite measurements predicted 90% of peak densities of larvae
as a function of rice field distance from livestock pastures. The second phase
investigated the ecology of the primary malaria vector species Anopheles albimanus
in the Mexican state of Chiapas: specifically, the association of mosquito larval
populations with aquatic plant species, discerned though digitally processed satel-
lite data. Results showed that transitional swamps and unmanaged pastures were
the most important landscape factors associated with vector abundance (57).
Phase three combined digitized map, remotely sensed and field data to define
the association between vegetation and individual villages in Belize with high or
low mosquito densities. These three studies show the usefulness of remotely
sensed data for malaria surveillance (58).

Other vector-borne diseases have been studied using remote data. Rogers et
al. mapped the changes of three important disease vectors (ticks, tsetse flies and
mosquitoes) in southern Africa under three climate change scenarios (59). The
results indicate significant potential changes in areas suitable for each vector
species, with a net increase for malaria mosquitoes (Anopheles gambiae) (53).
Thomson et al. used satellite data to map the geographical distribution of the
sandfly vector, Phlebotomus orientalis, for visceral leishmaniasis in the Sudan (60).

In a Maryland study of Ixodes scapularis (the tick vector that transmits Lyme
disease in the eastern United States) Glass and colleagues used GIS to extract
information on a total of 41 environmental variables pertinent to the abundance
of tick populations on white-tailed deer, the zoonotic host. They found tick abun-
dance to be positively correlated with well-drained sandy soils and negatively
correlated with urban land-use patterns, wetlands, privately owned land, satu-
rated soils and limited drainage (61).

Recent work by Kitron’s group shows similar results in the distribution and
abundance of Ixodes scapularis in Wisconsin, northern Illinois, and portions of the
upper peninsula of Michigan. Tick presence was positively associated with sandy
or loam-sand soils overlying sedimentary rock (62). Deciduous or dry to mesic
forests also were positive predictors. Absence was correlated with grasslands;
conifer forests; wet to wet/mesic forests; acidic soils of low fertility and a clay soil
texture; and Pre-Cambrian bedrock.
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BOX 6.1 The Highland Malaria Project

WHO estimates that approximately 300–500 million cases of malaria occur worldwide each year. A
global increase in malaria may be associated with deforestation, water development projects, and agri-
cultural practices in poor countries. High altitude regions have been protected from malaria endemic-
ity because parasite sporogony and vector development are inefficient in low temperatures. However,
there appears to be an emergence of malaria in the African highlands. This may be attributable to a
true change in disease pattern caused by increasing temperatures associated with climate change. As
global temperatures continue to rise, it is important to have a system that allows public health prac-
titioners to forecast where and when malaria epidemics may occur.

The Highland Malaria Project (HIMAL) is part of the umbrella international collaboration “Mapping
Malaria Risk in Africa” (MARA). The project consists of two phases. The main objective of phase one
was to create a stratified model of malaria risk for several select regions in the African highlands using
GIS based modelling, and to compare these special models to the known historical distribution of
malaria epidemics. This phase of the project prepared for a future phase two with the goal of pre-
dicting where and when malaria epidemics may occur.

FIGURE 6.3 Fuzzy climate suitability for transmission of malaria across Africa,
according to the MARA (Mapping Malaria Risk in Africa) climate suitability model.
Areas of climate unsuitability include both deserts (limited by low rainfall), and highland areas
(limited by cold temperatures), for example on the border between Uganda and Rwanda.
Source: Produced by Marlies Craig/MARA project (63).

The HIMAL model used fuzzy suitability fractions to predict the likelihood of conditions suitable for
malaria transmission for any given location. Suitability fractions between zero and one were calcu-
lated for each location by overlaying the average monthly temperature by the mean rainfall over
several years(64). More conceptual definitions of the regions defined by the suitability scale include:

Continued



ENSO and predictive models for early warning systems
New insights gained from observations of extreme climate variability accompa-
nying the El Niño phenomenon can be employed for ENSO-based disease pre-
dictions. Early warning systems (EWS) are feasible given that ENSO events can
be anticipated months in advance. Several examples of these ENSO-based climate
studies are presented in the previous chapter. The examples below describe
studies that found strong ENSO/disease associations and either are already used
for early warning (e.g. Glass et al) or have good potential for a weather-based
disease early warning system.

By analysing hantavirus pulmonary syndrome (HPS) in the American south-
west, Glass et al. (65) found human cases of disease to be preceded by ENSO-
related heavy rainfall, with a subsequent increase in the rodent population.
Landsat Thematic Mapper satellite imagery collected the year before the outbreak
was used to estimate HPS risk by logistic regression analysis. Satellite and eleva-
tion data showed a strong association between environmental conditions and
HPS risk the following year. Repeated analysis using satellite imagery from a non-
ENSO year (1995) showed substantial decrease in medium to high-risk areas.
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• perennial: conditions always suitable for transmission;
• seasonal: conditions suitable for short season every year;
• epidemic: long-term variations in climate render conditions suitable for transmission on irregular

basis;
• malaria free: conditions always unsuitable for transmission.

The strength of this project was the technique used to validate the model using data from several
East African countries, including Kenya, Uganda, Rwanda/Burundi, and the United Republic of 
Tanzania. The purpose of the validation was to compare the model estimates to real historical malaria
transmission intensity data. This data came from a variety of sources including surveys, seasonal data,
published and unpublished studies, and site visits. Information on climate, as well as parasite rates,
spleen rates (enlarged spleen) and epidemic locations were obtained for a total of 1713 sample points.

One important consideration is that the parameters used to create the climate suitability scale
(average continental monthly temperature and mean rainfall over several years) were static and gave
an average expected risk. Temporal variation in transmission and annual fluctuation or long-term sys-
tematic changes in climate therefore may have been masked.

In the validation study the model predictions based on fuzzy climatic estimates closely approximated
the known distribution of malaria, based on case data and historical maps across most of the conti-
nent (including the highlands). However, discrepancies along some large river valleys and other loca-
tions may be attributed to several possible limitations of the model.

One possible limitation was the use of rainfall estimates to predict vector habitats. Rainfall alone may
not account for vector breeding grounds along lakes, riverbanks and flood plains. Lake Bunyonyi in
Uganda provides a suitable breeding site for vectors, and may act as a spawning point for malaria epi-
demics in the surrounding areas. In addition, the model was unable to account for other possible
confounders such as health services, malaria control programmes and drug resistance.

Using the historical malaria data this project was able to make several important observations.
Highland epidemics generally tend to occur within defined altitudinal ranges and these epidemic areas
generally are limited to small, discrete areas. Also the historical evidence showed that the most sig-
nificant widespread epidemics occurred during or after abnormal weather events. Incorporating addi-
tional local factors into geographical models will enhance predictability of future malaria epidemics.



The United States’ Indian Health Service uses this ENSO-based predictive model
in a regional hantavirus early warning system.

Linthicum et al. (66) found a strong relationship between Rift Valley fever and
ENSO-driven rainfall in East Africa. Rift Valley fever virus outbreaks in East
Africa from 1950 to May 1998 followed periods of unusually high rainfall. By
using Pacific and Indian Ocean sea surface temperature anomalies, coupled with
satellite normalized difference vegetation index (NDVI) data, it was demonstrated
that Rift Valley fever outbreaks could be predicted up to five months in advance
of outbreaks in East Africa. Near-real-time monitoring with satellite images could
pinpoint actual affected areas, with good prospects of becoming a useful disease
EWS for targeting livestock vaccination to protect both animals and humans.

The World Health Organization regional office for south-east Asia has voiced
a need for an operational early warning system that would provide sufficient lead
time (one to three months) to permit mobilization of control operations. Focks
and colleagues (unpublished data) have developed a prototype dengue EWS. 
Predictive variables include: sea surface temperature anomalies (five month
running mean of spatially averaged SST anomalies over the tropical Pacific: 
4°S–4°N, 150°W–90°W as measured by the Japanese Meteorological Association)
and past monthly cases of dengue in several cities. With these variables, the prob-
ability of an epidemic year can be forecasted one to two months before peak
transmission season. The two and one month forecasts had respective error rates
of three and two per thirty-five years. This EWS is sufficiently accurate and will
be put into use in Yogyakarta, Indonesia in 2002.

Pascual and colleagues (37, 67) conducted analysis of ENSO-cholera relation-
ships in Bangladesh. Results from non-linear time series analysis support ENSO’s
important role in predicting disease epidemics. Considering a possible threshold
effect (37), it may be feasible to develop a cholera EWS for the region.

Modifying influences

Climate is one of several factors that can influence the spread of infectious
disease. Human activities and behaviours also are critical determinants of disease
transmission. Sociodemographic factors include (but are not limited to): increas-
ing trends in travel, trade, and migration; erratic disease control efforts; emerg-
ing drug or pesticide resistance; and inadequate nutrition. Environmental
influences include: changes in land-use, such as the clearing of forested land,
agricultural development and water projects, urban sprawl; as well as ecological
influences. These sociodemographic and environmental influences may act in
synergy or antagonistically with climatic factors, exacerbating or lessening the
impact on infectious disease transmission of either factor acting independently.

Sociodemographic influences

Human travel trade and migration
Dramatic improvements in human ability and efficiency to travel have affected
infectious disease transmission. Within the incubation time for diseases such as
malaria, dengue and West Nile virus, an infected person can travel the distance
from a rain forest in Africa to a United States suburb (68). The movement of food
across borders also can result in the importation of infectious agents, as in the
case of cyclospora transported into the United States on berries from South
America (69). Humans who migrate from disease free areas to endemic regions

CHAPTER 6. INFECTIOUS DISEASES 121



typically lack immunity, making them susceptible to infection and transmission
of the disease. This is of relevance for new settlers living at the forest’s edge on
cleared farmland who are particularly susceptible to zoonotic parasites. In addi-
tion, migrants may act as reservoirs: carrying pathogens home to their native
regions.

Disease control efforts
While biological and technical knowledge are needed to control the spread of
infectious diseases, additional requirements include political will, financial
resources and national stability. Successful moves towards eradication and
control of communicable diseases, such as smallpox (eradication) and polio
(control), largely are attributable to unwavering global commitment. In other
scenarios, erratic disease control efforts have had detrimental consequences for
human infection. In 1947 the Pan-American Health Organization (PAHO) initi-
ated a programme to eradicate Aedes aegypti, the mosquito vector for both dengue
and yellow fever. By 1972 this mosquito had been eradicated from 73% of the
area originally infected: 19 countries of the Americas. However, nearly one
decade later, lack of continuing public support and withdrawal of funding
resulted in re-establishment of the mosquito in nearly the entire original habitat.
Subsequently, major epidemics of dengue have erupted in several South and
Central American countries as well as parts of Africa and Asia (70).

Drug resistance
Drug resistance results from an infectious agent genetically mutating to avoid
harm from drugs. Resistance to important anti-malarial drugs has been rising in
many parts of the world since the 1970s. Chloroquine’s use as a treatment for
malaria infections has led to the broad geographical spread of resistant P. falci-
parum in Africa (71). Similarly, the large scale use of antimicrobials in livestock
and humans has lead to resistance among bacterial enteropathogens, an impor-
tant problem in developing countries that lack medical supervision to dispense
appropriate medication (72).

Nutrition
Malnutrition is an important determinant of infectious disease morbidity and
mortality. Micronutrients play an important role in the ability to mount an effec-
tive immune response against infection. Malnutrition is a particularly important
risk factor for diarrhoeal diseases in children in developing countries (73).

Environmental influences

Land-use influences
Land-use changes typically are undertaken with the intention to improve liveli-
hoods, economic well-being and quality of life. This is achieved in many cases.
However, as well as adverse environmental effects, adverse human health effects
may be an unintended outcome (74, 75, 76). With increased land-use changes
such as deforestation and increased agriculture and crop irrigation, climate vari-
ability’s adverse effect on infectious diseases may be heightened. Several of these
environmental factors are given in Table 6.3, a few are described in detail below.

Deforestation: The status of the world’s forests is threatened by: conversion for
crop production or pastures; road or dam building; timber extraction; and the
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encroachment of urban areas. Historically these activities have been associated
with changes in infectious diseases in the local population. The diseases most fre-
quently affected are those that exist naturally in wild ecosystems and circulate
among animals, especially those with vertebrate reservoirs and invertebrate
vectors. In general such changes result from factors affecting the populations of
animal reservoirs, vectors, and pathogens, or from factors associated with human
exposure. Deforestation and forest fragmentation in Latin America has resulted
in an increase in the incidence of visceral leishmaniasis associated with an
increase in the number of fox reservoirs and sandfly vectors that have adapted
to the peri-domestic environment (77). Finally, removal of vegetation (and
thereby transpiration of plants) can alter local weather patterns significantly.

Agricultural development and other water projects: Agricultural development can
lead to an increase in diarrhoeal disease. In intensely stocked farmland, heavy
rains can cause contamination of water resources by Cryptosporidium parvum
oocysts. Infiltration of high quality water treatment and supply systems can
occur: a 1993 occurrence in Milwaukee, USA, resulted in 400000 cases of cryp-
tosporidiosis (78). Intense cattle farming and livestock operations in combination
with factors related to watershed management have been implicated in such out-
breaks (79). A similar mechanism is involved in giardiasis where a variety of
animals may serve as reservoirs of Giardia lamblia and contaminate surface 
water with their excreta. Predicted flooding accompanying climate change 
could increase the water contamination trends associated with agricultural 
development.

Agricultural development in many parts of the world has resulted in an
increased requirement for crop irrigation, reducing water availability for other
uses and increasing breeding sites of disease vectors. An increase in soil moisture
associated with irrigation development in the Southern Nile Delta following the
construction of the Aswan High Dam has caused a rapid rise in the mosquito
Culex pipiens and consequential increase in the mosquito-borne disease, 
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TABLE 6.3 Examples of environmental changes and possible effects on infectious diseases.

Environmental changes Example diseases Pathway of effect

Dams, canals, irrigation Schistosomiasis ≠ Snail host habitat, human contact
Malaria ≠ Breeding sites for mosquitoes
Helminthiasies ≠ Larval contact due to moist soil
River blindness Ø Blackfly breeding, Ø disease

Agricultural intensification Malaria Crop insecticides and ≠ vector resistance
Venezuelan haemorraghic fever ≠ rodent abundance, contact

Urbanization, urban crowding Cholera Ø sanitation, hygiene; ≠ water contamination
Dengue Water-collecting trash, ≠ Aedes aegypti mosquito

breeding sites
Cutaneous leishmaniasis ≠ proximity, sandfly vectors

Deforestation and new Malaria ≠ Breeding sites and vectors, immigration of 
habitation susceptible people

Oropouche ≠ contact, breeding of vectors
Visceral leishmaniasis ≠ contact with sandfly vectors

Reforestation Lyme disease ≠ tick hosts, outdoor exposure
Ocean warming Red tide ≠ Toxic algal blooms
Elevated precipitation Rift valley fever ≠ Pools for mosquito breeding

Hantavirus pulmonary syndrome ≠ Rodent food, habitat, abundance

Source: reproduced from reference 3.



124 CLIMATE CHANGE AND HUMAN HEALTH

Bancroftian filariasis (80, 81). Onchocerciasis and trypanosomiasis are further
examples of vector-borne parasitic diseases that are triggered by changing land-
use and water management patterns. Projected droughts will necessitate
expanded irrigation to counter water stress, which could create more breeding
sites for vector-borne diseases.

Urbanization: Urbanization is associated with a range of health problems,
including vector-borne diseases such as dengue and malaria (82), diarrhoeal (83)
and respiratory diseases (84). Overcrowding and pollution resulting from inade-
quate infrastructure can trigger these conditions. At present, there are an esti-
mated four billion cases of diarrhoeal disease each year, causing over two million
deaths. Studies have shown that water sanitation and hygiene interventions can
greatly reduce water-related diseases (85, 86).

Ecological influences
In addition to land-use changes, there is a host of indirect links between infectious
disease and environmental conditions that are mediated through changes in
ecosystems resulting from human activities (40). Zoonoses and vector-transmit-
ted anthroponoses, dependent on the ecology of non-human animals, will be
especially sensitive to the effects of these ecological changes. An estimated 75%
of emerging infectious diseases of humans have evolved from exposure to
zoonotic pathogens (87), therefore any changes in the ecological conditions influ-
encing wildlife diseases have the potential to impact directly on human health (3,
88). Lyme disease in the north-east United States is an example of this (Box 2).

Climate change will likely modify the relationships between pathogens and
hosts directly by: altering the timing of pathogen development and life histories;
changing seasonal patterns of pathogen survival; changing hosts’ susceptibility
to pathogens (12, 93). However, ecosystem processes can influence human infec-
tious diseases indirectly (3, 40, 94).

Forecasts of infectious diseases’ responses to climate change are complicated
by the difficulties associated with predicting how ecosystems will respond to
changes in climate (40, 94). Geographical distributions and abundances of species
that compose ecological communities depend, in part, on patterns of tempera-
ture and precipitation (36). The link between metabolic rates and temperature
means that average temperatures also will have an influence on the growth 
rates and generation times of many organisms (36, 95, 96). Patterns of precipita-
tion also will influence species abundance and distribution by determining
plant/habitat range and/or vector breeding sites (97). Any changes in the aquatic
community will affect organisms involved in human infectious disease: mosqui-
toes that transmit diseases such as malaria and dengue fever develop in aquatic
habitats. Changes in precipitation amounts in turn will alter the availability of
suitable habitats for larval mosquitoes.

One of ecology’s current challenges is to predict how species will respond. An
initial approach has been to couple data on climate tolerances for species and
their current geographical distributions with projections from climate models in
an attempt to determine where suitable conditions for the species might develop.
In one study of 80 tree species, species varied in how closely their current dis-
tributions correlated with climate. There were also strong differences between
species in the predicted impact of future climate change (98). Analogous patterns
appear when examining expected changes in animal communities (99).

This variability in climate sensitivity is only one aspect of the expected differ-
ences in how species will respond to climate change. Species also will vary in



their abilities to disperse to new geographical areas and compete with the species
already in place. Some species have limited ability to disperse, others will be able
to shift ranges rapidly (100). Once in a new area, species vary greatly in their
ability to become established and increase in population size (101).

There is conflicting evidence about the speed at which species might evolve
in response to climate change. The necessary genetic variability exists in many
species but the pace of environmental change may outstrip their ability to evolve
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BOX 6.2 Ecological influences and Lyme disease

Variability in the prevalence of Lyme disease in the north-east United States provides
an informative example of how changes in ecological conditions can produce changes
in an infectious disease of humans.

As land-use patterns have shifted away from agriculture and second-growth forests
have become more prevalent, the populations of ticks have changed (36). Human infec-
tion rates have risen over time with the increase in contact between humans and ticks
(89). Spatial variation in risk to humans is influenced by the ecology of the mammalian
hosts of the tick. White-tailed deer are the primary host for adult ticks and their 
population size is an important determinant of tick abundance in a particular region
(90, 91). However, while population size is an important factor determining the prob-
ability of a human being bitten, not all ticks will be infected with the Lyme disease
bacterium. The proportion of infected ticks in an area appears to be linked to the rel-
ative abundance of highly competent small mammal reservoirs for the B. burgdorferi
bacteria, specifically white-footed mice (89, 91).

The probability of a human contracting Lyme disease in a given area is a function of
the density of infected ticks, which in turn depends on the population size of deer
and mice. Additional ecological relationships will influence the abundance of these
mammalian hosts. A good example is the key role played by oak trees (92). The links
between these trees and human disease start with the periodic production of acorns
by masting oak trees. Acorns are a high quality food for wildlife, and deer tend to
concentrate in their vicinity during the fall and winter. These concentrations of deer
result in larger numbers of larval ticks. At the same time, white-footed mice also
increase in abundance in areas with masting oaks. The interplay between these species
dramatically increases both the concentration of ticks and the proportion of ticks
infected with Lyme-causing spirochaetes (89, 91).

Recent modelling studies suggest that complete understanding of the ecology of Lyme
disease will need to include other ecological influences (91). Results suggest the prob-
ability of a tick becoming infected depends not simply on the density of white-footed
mice, but on the density of mice relative to other hosts in the community. Under this
scenario, the density effect of white-footed mice (efficient reservoirs for Lyme disease)
can be diluted by increasing density of alternative hosts that are less efficient at trans-
mitting the disease. These results lead to the conclusion that increasing host diversity
(species richness) may decrease the risk of disease through a dilution-effect (91).

Habitat fragmentation (e.g. due to urban sprawl and road building) may exacerbate
the loss of species biodiversity, thereby increasing the risk of Lyme disease. Wildlife
biodiversity decreases when human development fractures forests into smaller and
smaller pieces. Deforestation also can lead to closer contact between wildlife and
humans and their domestic animals. Each of these ecosystem changes has implications
for the distribution of micro-organisms and the health of human, domestic animal and
wildlife populations.



(102). Given evolutionary change’s importance in the emergence of new and
newly virulent diseases, better understanding of its role in infectious disease
ecology is a critical area of research concern (102).

While significant uncertainties exist about the exact nature of the ecological
changes expected as climate changes, there is little doubt that ecosystems will
change. Indeed, widespread changes are already seen in both the geographical
range of species and the timing of annual events (phenology). Analyses of eco-
logical data from recent decades have revealed widespread shifts in species’ range,
abundance and phenology, associated with the comparatively moderate climatic
changes of the past century (103). It also appears that some species have 
undergone adaptive evolution in response to recent climate change (104): the
pitcher-plant mosquito for example. Changes in ecological relationships will
become more obvious as expected changes in climate continue over coming
decades (36).

There is ample evidence that species will differ in their sensitivity to climate
and respond to climate change at different rates (36, 103). It is highly likely that
this differential ability to respond will break up important ecological relation-
ships: in western Europe there is a well studied ecological relationship between
oak trees, winter moths that feed on the leaves, and insectivorous birds that feed
on moth caterpillars. Analyses show that during recent warmer springs, these
organisms have not responded equally to changes in climate, threatening to
disrupt the ecological linkages in the community (105, 106).

Severe epidemics of cholera strike regularly in many parts of the developing
world (107, 108). The timing of these epidemics is partly explained by environ-
mental and ecological conditions that are influenced by climate. In particular a
significant reservoir of the cholera-causing organism, Vibrio cholerae, appears to
reside in marine ecosystems where it attaches to zooplankton (5, 107). Popula-
tions of these small crustaceans in turn depend on the abundance of their food
supply (phytoplankton). Phytoplankton populations tend to increase (bloom)
when ocean temperatures are warm. The result is that cholera outbreaks are
associated with warmer ocean surface temperature via a series of ecological rela-
tionships: phytoplankton blooms lead to higher numbers of zooplankton and
their associated Vibrio cholerae, which in turn are more likely to infect exposed
humans (5, 107, 108).

Climate also will impact on the diseases of plants and non-human animals.
This impact provides a pathway for complex interactions where ecosystems
change in response to climate and alter the conditions for infectious disease
organisms and vectors. Resulting changes in the patterns of infectious disease
may in turn lead to further ecological disruption through the changing distribu-
tions and populations of target plants and animals of those infectious agents (93).
With growing awareness of the importance of disease in ecosystems and the link
to human health, it may be possible to detect such complex pathways in current
systems. For example, the interactions between emerging wildlife diseases such
as mycoplasmal conjunctivitis in wild house finches in the eastern United States
and the spread of West Nile virus in the same geographical area (109, 110).

Conclusions and recommended future steps

The purpose of this chapter is to highlight the evidence linking climatic factors
such as temperature, precipitation, and sea level rise, to the lifecycles of infec-
tious diseases, including both direct and indirect associations via ecological
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processes. Many studies demonstrate seasonal fluctuations in infectious diseases
but few have documented long-term trends in climate-disease associations. A
variety of models has been developed to simulate the climatic changes and predict
future disease outbreaks although few have controlled successfully for important
sociodemographic and environmental influences. Gaps in knowledge indicate
that future initiatives are required in the following areas:

Increase in active global disease surveillance. The lack of precise knowl-
edge of current disease incidence rates makes it difficult to comment about
whether incidence is changing as a result of climatic conditions. Incidence data
are needed to provide a baseline for epidemiological studies. These data also will
be useful for validating predictive models. As these data are difficult to gather,
particularly in remote regions, a centralized computer database should be created
to facilitate sharing of these data among researchers (40).

Continuation of epidemiological research into associations between
climatic factors and infectious diseases. In order to draw a causal relation-
ship between climate change and patterns of infectious disease, research needs
to prove consistent trends across diverse populations and geographical regions.
This will best be accomplished by implementing rigorous study designs that 
adequately control for social and environmental confounders (40). International
collaboration between researchers is important (36) as well as interdisciplinary
collaboration between specialists such as epidemiologists, climatologists and ecol-
ogists, in order to expand the breadth of information. A comprehensive study of
mosquito-borne diseases, for example, requires a combination of entomologists,
epidemiologists and climatologists to work together to examine the associations
of changing vector habitats, disease patterns and climatic factors. Epidemiologi-
cal data can be shared with policy-makers to make preventive policies (36).

Further development of comprehensive models. Models can be useful
in forecasting likely health outcomes in relation to projected climatic conditions.
Integrating the effects of social and environmental influences is difficult but 
necessary (40).

Improvements in public health infrastructure. These include public
health training, emergency response, and prevention and control programmes.
Improved understanding is needed of the adaptive capacity of individuals affected
by health outcomes of climate change, as well as the capacity for populations to
prepare a response to projected health outcomes of climate change (36).
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Introduction

Given the clear evidence that many health outcomes are highly sensitive to
climate variations, it is inevitable that long-term climate change will have some
effect on global population health. Climate change is likely to affect not only
health but also many aspects of ecological and social systems, and will be slow
and difficult (perhaps impossible) to reverse. Many therefore would judge that
there is already sufficient motivation to act, both to mitigate the causes of climate
change, and to adapt to its effects. However, such actions would require eco-
nomic and behavioural changes bringing costs or co-benefits to different sectors
of society. Decision-makers, from individual citizens to national governments,
have numerous competing claims on their attentions and resources. In order to
give a rational basis for prioritizing policies, at the least it is necessary to obtain
an approximate measurement of the likely magnitude of the health impacts of
climate change.

Quantification of health impacts from specific risk factors, performed in a sys-
tematic and consistent way using common measures, could provide a powerful
mechanism for comparing the impacts of various risk factors and diseases. It
would allow us to begin to answer questions such as: on aggregate, are the pos-
itive effects of climate change likely to outweigh the negative impacts? How
important is climate change compared to other risk factors for global health? How
much of the disease burden could be avoided by mitigating climate change?
Which specific impacts are likely to be most important and which regions are
likely to be most affected?

Caution is required in carrying out and presenting such assessments. Richard
Peto, in his foreword to the first global burden of disease study (1), echoed the
economist John Kenneth Galbraith in suggesting that epidemiologists fall into
two classes: those who cannot predict the future, and those who know they
cannot predict the future. Given the importance of natural climate variability and
the potential for societal and individual factors to mediate the potential effects
of climate change, only approximate indications of likely impacts can be
expected. However, it is important to make such estimates available to policy-
makers, along with a realistic representation of the associated uncertainty; or
remain in the current unsatisfactory condition of introducing a potentially impor-
tant and irreversible health hazard throughout the globe, without any quantita-
tive risk assessment.
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This chapter outlines the estimation of disease burden caused by climate
change at global level, performed in the framework of a comprehensive World
Health Organization (WHO) project. After the quantification of disease burden
for over 100 diseases or disease groups at global level (2), WHO has defined a
general methodology to quantify the disease burden caused by 26 risk factors
(Comparative Risk Assessment) at selected time points to 2030 (3). Major envi-
ronmental, occupational, behavioural and lifestyle risk factors are considered
including: smoking, alcohol consumption, unsafe sex, diet, air pollution, water
and sanitation, and climate change. Despite the scale of the challenge, this has
presented a unique opportunity to compare the health consequences of climate
change to other important risk factors determining human health, and to esti-
mate future disease burdens.

General methods

Disease burdens and summary measures of population health

The burden of disease refers to the total amount of premature death and mor-
bidity within the population. In order to make comparative measures it is nec-
essary to use summary measures of population health. These, first, take into
account the severity/disability and duration of the health deficit, and, second,
use standard units of health deficit. The Disability-Adjusted Life Year (DALY), for
example, has been used widely (4) and is the sum of:

• years of life lost due to premature death (YLL)
• years of life lived with disability (YLD).

The number of years of life lost (YLL) takes into account the age at death, com-
pared to a maximum life expectancy. Years of life lived with disability (YLD) takes
into account disease duration, age of onset, and a disability weight that charac-
terizes the severity of disease.

Estimating burden of disease attributable to a risk factor

Estimation of attributable burdens, using a measure such as DALYs, thus enables
Comparative Risk Assessment: i.e. comparison of the disease burdens attribut-
able to diverse risk factors. For each such factor, we need to know the:

1. burden of specific diseases
2. estimated increase in risk of each disease per unit increase in exposure (the

“relative risk”)
3. current population distribution of exposure, or future distribution as estimated

by modelling exposure scenarios.

Since the mid 1990s, WHO has published estimates of the global burden of spe-
cific diseases or groups of diseases in the annual World Health Report. The most
recent updates of the measurements of these burdens (2) constitute the total
disease burden that can be attributed to the various risk factors. For calculating
the attributable fraction for diarrhoeal disease, for example, the exposure distri-
bution in the population is combined with the relative risk for each scenario with
the following formula (Impact fraction, adapted from Last) (5):

IF =
SPiRRi -1

SPiRRi
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Each exposure scenario is characterized by a relative risk (RRi) compared to the
individuals that are not exposed to the risk factor, or that correspond to a base-
line “theoretical minimum” exposure scenario. The proportion of the population
in each exposure scenario is Pi. The key input data for this estimate are summa-
rized in Figure 7.1.

The attributable burden is estimated by multiplying the impact fraction by the
disease burden for each considered disease outcome, given in the WHO World
Health Report (2).

In addition to the attributable burden, the avoidable burden at future time
points can be estimated by defining an alternative distribution of the risk factor
in the study population and comparing projected relative risks under the alter-
native scenarios. In this case, the relative risks that are calculated for each sce-
nario are applied to future “climate-change independent” trends produced by
WHO, which attempt to take account of the most probable future changes due
to climate-independent factors—e.g. improving socioeconomic and control con-
ditions. The analysis therefore attempts to estimate the additional burden that
climate change is likely to exert on top of the disease burden that otherwise
would have occurred, if climate were to remain constant.

In this comprehensive project assessing the disease burden due to 26 risk
factors, disease burden is estimated by sex, seven age groups and fourteen regions
of the world. The full details of the analysis are presented in McMichael et al.
(6). In this chapter, disease burdens are divided only into five geographical
regions, plus a separate division for developed countries, which is the combina-
tion of the WHO regions: Europe, America A, and Western Pacific A (Figure 7.2).
The attributable disease burden for climate change is estimated for 2000. In
theory, avoidable burdens can be calculated for the years to 2030, however (at
the time of writing) future projections of DALY burdens, in the absence of climate
change, are not yet available for these. Instead, we present the climate-related
relative risks of each outcome for 2030—i.e. the scenario-specific estimate of the
likely proportional change in the burden of each of these diseases, compared to
the situation if climate change were not to occur.

Type of evidence available for estimating disease burden due to
climate change

The effects of climate change on human health are mediated by a variety of
mechanistic pathways and eventual outcomes (chapters 3, 5, 6). There may be
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FIGURE 7.1 Key input data for
estimating the global burden of
disease caused by climate
change.

Risk factor levels
or scenarios

• Current distributions
• Alternative and future

distributions

Risk factor-disease
relationships

Disease burden per disease
in 2000, 2010, 2020 and 2030

Attributable burden in 2000
Avoidable burden in 2010, 2020 and 2030
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long delays between cause and certain outcomes, and reversibility may be slow
and incomplete. Various methods have been developed for quantitative estima-
tion of health impacts of future climate change (7). Ideally, future projections
would be based on observations of the effects of the gradual anthropogenic
climate change that has occurred so far. However, measurements of climate
change and its effects, followed by formulation, testing and modification of
hypotheses would take several decades due to the:

• lack of long-term standardized monitoring of climate sensitive diseases;
• methodological difficulties in controlling for effects of non-climatic differ-

ences and natural climate variability;
• relatively small (but significant) climatic changes that have occurred so far,

that are poor proxies for the larger changes forecast for the coming decades.

While such direct monitoring of climate change effects is desirable, currently it
does not provide the information necessary for quantitative estimation. The best
estimation of future health effects of climate change therefore comes from 
predictive modelling based on the most comprehensive current understanding 
of the effects of climate (not weather) variation on health in the present and
recent past, and applying these relationships to projections of future climate
change.

Definition of risk factor and exposure scenario

Definition of the risk factor
For the purpose of this assessment, the risk factor climate change is defined as
changes in global climate attributable to increasing concentrations of greenhouse
gases (GHG).

Definition of exposure levels
As described in chapter 2, climate is a multivariate phenomenon and therefore
cannot be measured on a single continuous scale. Also, climate changes will vary
significantly with geography and time and cannot be captured fully in global
averages of various climate parameters. The exposure scenarios used in this
assessment are therefore comprehensive climate scenarios (i.e. predictions of the
magnitude and geographical distribution of changes in temperature, precipita-
tion and other climate properties) predicted to result from future patterns of GHG
emissions.

Definition of baseline exposure scenario
In order to estimate discrete disease burden attributable to climate change, expo-
sure scenarios need to be compared to a baseline exposure scenario that acts as
a reference point. A logical baseline scenario would consist of a climate scenario
not yet affected by any change due to GHG emissions. This is difficult to define
accurately. The IPCC Third Assessment Report (8) shows clear evidence of
changes in global average temperature of land and sea surface since the mid nine-
teenth century, and of extreme events throughout the last century (chapter 2,
Figure 2.5 and Table 2.2), which it concludes mainly are due to human activi-
ties. However, given natural climate variability there is no clearly defined con-
sensus on precisely what current climate conditions would have been, either now
or in the future, in the absence of GHG emissions.
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The baseline scenario therefore has been selected as the last year of the base-
line period 1961 to 1990, i.e. 1990. This period is the reference point considered
by the World Meteorological Organization and IPCC, and is supported by IPCC
conclusions that the majority of climate change since this period has been caused
by human activity. The selection of this baseline scenario implies that the gen-
erated results of attributable disease burden will be rather conservative, as any
human-induced activity before that period is not addressed.

Scenarios considered for 2030
The exposure scenarios under investigation are selected according to the follow-
ing projected emission levels:

1. unmitigated emission trends (i.e. approximately following the IPCC “IS92a”
scenario (9))

2. emissions reduction resulting in stabilization at 750ppm CO2 equivalent by
2210 (s750)

3. more rapid emissions reduction, resulting in stabilization at 550ppm CO2

equivalent by 2170 (s550).

The predicted temperature changes and rise in sea level associated with these
scenarios are outlined in Table 7.1 and Figure 7.3.

Methods for estimating exposure to climate change

Projections of the extent and distribution of climate change were generated by
applying the various emission scenarios described above to the HadCM2 global
climate model (GCM). This is one of the models approved by the IPCC, verified
by back-casting (11), and provides results that lie approximately in the middle
of the range of alternative models. The HadCM2 model generated estimates of
the principal characteristics of the climate, including temperature, precipitation
and absolute humidity for each month, at a resolution of 3.75° longitude and
2.5° latitude. The climate model outputs used here are estimated as averages over
thirty-year periods.

Each scenario describes changes in global climate conditions, incorporating
geographical variations. All of the population is considered as exposed to the sce-
nario: i.e. Pi (above) is 100% in each case. However, the climate conditions expe-
rienced under different scenarios will vary between regions and between climate
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TABLE 7.1 Successive measured and modelled global mean temperature and
sea level rise associated with the various emissions scenarios. Future estimates are
from the HadCM2 global climate model, produced by the UK Hadley Centre.

1961–90 1990s 2020s 2050s

Temperature (°C change)
HadCM2 Unmitigated Emissions 0 0.3 1.2 2.1
S750 0 0.3 0.9 1.4
S550 0 0.3 0.8 1.1
Sea level (cm change)
HadCM2 Unmitigated Emissions 0 N/a 12 25
S750 0 N/a 11 20
S550 0 N/a 10 18

Source: reproduced from reference 10.



scenarios (e.g. under most future climate scenarios high latitudes will remain
generally cooler than the tropics, but will experience greater rates of warming).
The risk of suffering health impacts also will be affected by socioeconomic con-
ditions and other factors affecting vulnerability. Such variations are considered
in the calculations of relative risks for each disease, rather than in relation to
exposure.

Outcomes to be assessed

While a wide variety of disease outcomes is suspected to be associated with
climate change, only a few outcomes are addressed in this analysis (Table 7.2).
These were selected on the basis of:

• sensitivity to climate variation
• predicted future importance
• availability of quantitative global models (or feasibility of constructing them).

The strength of evidence relating to each of these was reviewed through refer-
ence to all papers in the health section of the most recent IPCC report (12), from
other wide ranging reviews of climate change and health (13) and a systematic
review of the scientific literature using relevant internet search engines (Medline
and Web of Science).

Additional likely effects of climate change that could not be quantified at this
point include:
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• changes in pollution and aeroallergen levels
• recovery rate of the ozone hole, affecting exposure to UV radiation (14)
• changes in distribution and transmission of other infectious diseases (par-

ticularly other vector-borne diseases and geohelminths)
• indirect effects on food production acting through plant pests and diseases
• drought
• famine
• population displacement due to natural disasters, crop failure, water shortages
• destruction of health infrastructure in natural disasters
• risk of conflict over natural resources.

Some of these may be included in future assessments as additional quantitative
evidence becomes available.

Methods for estimating risk factor-disease relationships

The choice of modelling approach depends also on the availability of high-
resolution data on health states and the possibility of estimating results that
comply with the framework of the overall Comparative Risk Assessment.

As outlined above, estimates are based on observations of shorter-term cli-
matic effects in the past, i.e. the effect of daily, seasonal or inter-annual vari-
ability on specific health outcomes, or on processes that may influence health
states, e.g. parasite and vector population dynamics. In undertaking such an
approach, it is necessary to appreciate that factors other than climate also are
important determinants of disease, and to include in the quantitative estimates
the likely effects of modifying factors such as socioeconomic status. Assumptions
regarding these effect modifiers need to be clearly stated, together with an indi-
cation of the uncertainty range around the quantitative estimates.

There are two principal sets of assumptions relating to the definition of sce-
narios and health effects. Firstly, the secondary effects of climate change mitiga-
tion policies (e.g. the likely health benefits of reduced air pollution) are not
considered here. Secondly, it is acknowledged that modifying factors such as
physiological adaptation and wealth will influence health impacts due to climate
change (12). Effects of improving socioeconomic conditions on the baseline (i.e.
climate–change independent) rates of the diseases already are included in the
WHO future scenarios (e.g. diarrhoea rates are projected to decrease over time
as richer populations install improved water and sanitation services). However,
changing socioeconomic conditions and physiological and other adaptations also
will affect populations’ vulnerability to the effects of climate change, and there-
fore the relative risk under each scenario. For example, improving water and
sanitation also will affect the degree to which diarrhoea rates will be affected by
temperature changes or more frequent flooding. The following sections describe
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TABLE 7.2 Health outcomes considered in this analysis.

Type of outcome Outcome Incidence/Prevalence

Direct impacts of heat and cold Cardiovascular disease deaths Incidence
Food and water-borne disease Diarrhoea episodes Incidence
Vector-borne disease Malaria cases; dengue cases Incidence
Natural disastersa Fatal unintentional injuries Incidence
Risk of malnutrition Non-availability of recommended daily calorie intake Prevalence

a Separate estimation of impacts of coastal floods, and inland floods/landslides.



how such affects are accounted for in both the relative risks and the uncertainty
estimates for each health impact. No future actions taken specifically to adapt to
the effects of a changing climate are considered.

For quantifying health impacts, all independent models linking climate change
to quantitative global estimates on health or related impacts (e.g. numbers of
people flooded or at risk of hunger) described in the IPCC Third Assessment
Report (15) were considered. Where global models do not exist, local or regional
projections were extrapolated. Models were further selected on the basis of val-
idation against historical data and plausibility of both biological assumptions and
extrapolation to other regions. In order to estimate relative risks for specific years,
there is a linear interpolation of the relative risks between the various 30 year
periods for which complete climate scenarios exist (e.g. between 2025, as the
middle of the period described by the 2011–2040 climate scenario, and 2055, as
the middle of the 2041–2070 scenario).

Specific health impacts

Direct physiological effects of heat and cold on 
cardiovascular mortality

Strength of evidence
The association between daily variation in meteorological conditions and mor-
tality has been described in numerous studies from a wide range of populations
in temperate climates (16, 17). These studies show that exposure to temperatures
at either side of a “comfort range” is associated with an increased risk of (mainly
cardio-pulmonary) mortality. Increases in other disease measures, such as
General Practitioner consultations, have been associated with extreme tempera-
tures (18, 19). However, it is not clear how these endpoints relate to quantita-
tive measures of health burden.

Cardiovascular disease (CVD) has the best characterized temperature mortal-
ity relationship, followed by respiratory disease and total mortality in temperate
countries. These relationships are supported by strong evidence for direct links
between high and low temperatures and increased blood pressure, viscosity and
heart rate for CVD (20, 21) and broncho-constriction for pulmonary disease (22).

The IPCC Third Assessment Report chapter on human health (11) also con-
cludes that the frequency and intensity of heatwaves increases the number of
deaths and serious illness. Yet the same report states that, in temperate coun-
tries, climate change would result in a reduction of wintertime deaths that would
exceed the increase in summertime heatwave-related deaths.

Given the limited number of studies on which to base global predictions, quan-
titative estimates are presented only for the best supported of the direct physio-
logical effects of climate change—changes in mortality attributable to extreme
temperature for one or several days.

Exposure distribution and exposure-response relationships
The global population was divided into five climate zones according to defini-
tions of the Australian Bureau of Meteorology (23). The polar zone is small and
was excluded. Temperature distributions vary greatly within one climate zone.
However, due to poor availability of meteorological data at daily time-scales, a
single city was chosen to define a representative daily temperature distribution
for each region. To give estimates of the mean temperature and variability under
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each climate scenario, these distributions were “shifted” according to the pro-
jections of changes in the mean monthly temperature.

An exposure-response relationship was applied in each climate zone.
Although many published studies describe the health effects of temperature, few
have used daily values, controlled sufficiently for seasonal factors, or given ade-
quate representation to populations in tropical developing countries. For cold
and temperate regions, a relationship from a published study was used (24); for
tropical countries and hot and dry countries a study (ISOTHURM) currently
undertaken at the London School of Hygiene and Tropical Medicine (25) (Table
7.3).

The proportion of temperature-attributable deaths was calculated using the
heat and cold mortality coefficients described in Table 7.3. Climate change attrib-
utable deaths were calculated as the change in proportion of temperature-
attributable deaths (i.e. heat-attributable deaths plus cold-attributable deaths) for
each climate scenario compared to the baseline climate.

The observation that temperatures associated with the lowest mortality vary
between climate zones is supported by studies on various United States’ cities
(e.g. Braga et al. (26, 27)) and suggests that populations adapt at least partially
to local conditions over time. However, the likely extent of adaptation has not
been quantified for a globally representative range of populations. In our pro-
jections for the future, we assume that the temperature associated with lowest
mortality rates (Tb above) increases in line with the projected change in summer
temperatures. No adjustment is made to the temperature-mortality slopes, i.e. it
is assumed that populations biologically adapt to their new average temperatures,
but remain equally vulnerable to departures from these conditions. Because this
assumption about adaptation has not been formally tested, we include calcula-
tions assuming no adaptation as the other end of our uncertainty range. No
adjustment is made for improving socioeconomic status: while rich populations
appear to be partially protected by the use of air conditioners (e.g. studies in
Chicago, USA (28)), research in populations with a wider range of socioeconomic
conditions failed to detect a difference in susceptibility (work in São Paulo, Brazil
(29)).

There also is evidence for a “harvesting effect”, i.e. a period of unusually lower
mortality following an extreme temperature period. This indicates that in some
cases extreme temperatures advance the deaths of vulnerable people by a rela-
tively short period, rather than killing people who would otherwise have lived
to average life expectancy. However, this effect has not been quantified for tem-
perature exposures and is not included in the model. As there is large uncer-
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TABLE 7.3 Synthesized relationships between temperature and cardiovascular mortality.

Climate zone Heata Colda Tb Model Source

Hot and dry 1.4 0.6 20 Seasonally adjusted, 1–6 day lags, ISOTHURM (Delhi)
all cause mortality

Warm humid 0.9 1.6 20 Seasonally adjusted, 1–6 day lags, ISOTHURM (São Paulo)
all-cause all-age mortality

Temperate 1.13 0.33 16.5 Seasonally adjusted, 1–2 day lag, Kunst et al. 1993
cardiovascular disease

Cold 1.13 0.33 16.5 Seasonally adjusted, 1–2 day lag, Kunst et al. 1993
cardiovascular disease

a Coefficient of % change in mortality per 1 °C of change in temperature.
b Temperature associated with lowest mortality rate.



tainty about the number of years that the casualties would have lived (i.e. the
attributable years which are lost by exposure to the risk factor) the relative risk
estimates will be used to calculate only attributable deaths, not DALYs.

Table 7.4 shows the range of estimates for the relative risk of cardiovascular
mortality under the range of climate scenarios in 2030.

Quantification of temperature’s effects on health due to climate change could
be improved by the following research:

• additional analyses of the exposure-response relationship in tropical devel-
oping countries

• standardization of methods used to build exposure-response relationships
• adaptation
• investigation on additional outcomes, including inability to work in

extreme temperatures.

Diarrhoeal disease

Diarrhoeal disease is one of the most important causes of disease burden, par-
ticularly in developing countries (2). As outlined in chapter 5, there is strong evi-
dence that diarrhoea (particularly that caused by the bacteria and protozoan
pathogens which predominate in developing regions) is highly sensitive to vari-
ations in both temperature and precipitation over daily, seasonal, and inter-
annual time periods (30–33). It is therefore very likely that long-term climate
change will lead to consistent changes in diarrhoea rates.

Despite the described quantitative relationships, this assessment addresses only
the effects of increasing temperatures on the incidence of all-cause diarrhoea, as
there are additional uncertainties in generating estimates for the effect of pre-
cipitation, or for specific pathogens:

• studies have addressed only a small part of the temperature spectrum rep-
resented globally—temperature-disease relationships are conditioned by
the prevailing types of pathogens and modes of transmission and therefore
may vary according to local circumstances;

• type of pathogen, whose occurrence varies with temperature, may affect
the severity of disease;

• existing evidence on the link between climate and pathogen-specific diar-
rhoea cannot be used because important information is unknown, e.g. the
partial contribution of each pathogen to all-cause diarrhoea;
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TABLE 7.4 Range of estimates of relative risks of cardio-vascular disease
mortality attributable to climate change in 2030, under the alternative
exposure scenarios.

Region Relative risks

Unmitigated emissions S570 S550

African region (1.000–1.011) (1.000–1.008) (1.000–1.007)
Eastern Mediterranean region (1.000–1.007) (1.000–1.005) (1.000–1.007)
Latin American and Caribbean region (1.000–1.007) (1.000–1.005) (1.000–1.004)
South-East Asian region (1.000–1.013) (1.000–1.009) (1.000–1.008)
Western Pacific regiona (1.000–1.000) (1.000–1.000) (1.000–1.000)
Developed countriesb (0.999–1.000) (0.999–1.000) (0.998–1.000)

a without developed countries.
b and Cuba.



• effects of changing rainfall patterns are not addressed because of the diffi-
culties in extrapolating the observed non-linear relationships, and stochas-
tic effects on outbreaks, to other regions.

Exposure distribution and exposure-response relationships
The change in mean annual temperature, per scenario, was estimated for each
cell of a 1° latitude by 1° longitude population grid map. This was converted into
a population-weighted average change in temperature for each country.

Although the influence of seasonality on diarrhoea is well recognized, only
two studies describe a quantitative relationship between climate and overall diar-
rhoea incidence:

1. Checkley and co-workers (32) used time series analyses to correlate temper-
ature, humidity and rainfall to daily hospital admissions in a paediatric diar-
rhoeal disease clinic in Lima, Peru. Correlations were controlled for seasonal
variations and long-term trend. The analysis indicated an 8% (95% CI 7–9%)
increase in admissions per 1°C increase in temperature across the whole year.
There was no significant independent association with rainfall or humidity.
While the study design gives high confidence in the results, its scope is limited
to the more severe (i.e. hospitalizing) diarrhoeal diseases and to children.

2. Singh et al. (34) used time series analyses to correlate temperature and rain-
fall to monthly reported diarrhoea incidence in Fiji. Reported overall incidence
increased by 3% (95% CI 1.2–5.0%) per 1°C temperature increase, and a sig-
nificant increase in diarrhoea rates if rainfall was either higher or lower than
average conditions. The use of monthly averages of climate conditions, and
the lack of a clear definition of diarrhoea are likely to introduce a random
effect and hence an underestimation of effects.

There appear to be no similar published studies showing clear and consistent evi-
dence for changes in overall diarrhoea incidence with increased temperature in
developed countries. The relative importance of pathogens which thrive at lower
temperatures appears to be greater in populations of regions with higher stan-
dards of living, specifically access to clean water and sanitation (for which there
is no clear and consistent evidence for peaks in all-cause diarrhoea in warmer
months), compared to less well-off populations (where diarrhoea is usually 
more common in warmer, wetter months). This is demonstrated best by clear
summer peaks of diarrhoea in black, but not white, infants in 1970s Johannes-
burg (35).

Here, countries are defined as “developing” if they have (or are predicted to
have, for future assessment years) per capita incomes lower than the richer of
the two study countries (Fiji) in 2000—approximately US $6000 per year in
1990. For such countries, a dose-response relationship of 5% increase in diar-
rhoea incidence per 1°C temperature increase is applied to both sexes and all
age groups. This is consistent with the relationships derived from the two studies
described above. The 5% figure is chosen rather than the arithmetic mean of the
constants from the two studies (5.5%): firstly to avoid giving a false impression
of precision based on only 2 estimates, each with their own confidence intervals,
secondly in order to be conservative. A wide uncertainty range (0–10%) is placed
on this value in extrapolating these relationships both geographically and into
the future. For developed countries, in the absence of further information, a
(probably conservative) increase of 0% in diarrhoea incidence per 1°C temper-
ature increase (uncertainty interval -5 to 5%) is assumed.
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Regional relative risks are calculated by multiplying the projected increase in
temperature by the relevant exposure-response relationship, using population-
weighted averages. For projections of relative risks, developing countries reach-
ing a per capita GDP above US $6000 per year are considered to have the same
risk as developed countries, i.e. no effect of temperature on diarrhoea incidence.
The resulting estimates of relative risks are given in Table 7.5.

Future research
Investigation of exposure-response relationships from a wider climatic and
socioeconomic development could improve the accuracy of estimations. Studies
also should explicitly measure economic development and improved levels of
sanitation, which are very likely to influence populations’ vulnerability to the
effects of climate variation on diarrhoeal disease.

Malnutrition

Strength of evidence
Malnutrition is considered as the single most important risk factor to global
health, accounting for an estimated 15% of total disease burden in DALYs (2).
While multiple biological and social factors affect the influence of malnutrition,
the fundamental determinant is the availability of staple foods. Climate change
may affect this availability through the broadly negative effects of changes in
temperature and precipitation and broadly positive effects of higher CO2 levels
on yields of food crops (36, 37)). The food trade system may be able to absorb
these effects at the global level. However, climate change can be expected to have
significant effects on food poverty in conjunction with variation in population
pressure and economic capacity to cope (38).

Evidence for climate change effects on crop yields is strong. Crop models have
been validated in 124 sites in 18 countries over a wide range of environments
(39)). Major uncertainties relate to the extent this relationship will be maintained
over long-term climate change, and in particular how the world food trade
system will adapt to changes in production (40, 41). The IPCC has concluded with
“medium confidence” that climate change would increase the number of hungry
and malnourished people in the twenty-first century by 80 to 90 million.

While substantial literature describes effects of climate on individual crops,
only one group has used these estimates to predict the numbers of people at risk
of hunger (38). All results presented are based on work by this group. Although
these are the most complete models currently available, they do not take into
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TABLE 7.5 Range of estimates of relative risks of diarrhoea attributable to
climate change in 2030, under the alternative exposure scenarios.

Region Relative risks 

Unmitigated emissions S570 S550

African region (0.99–1.16) (0.99–1.13) (0.99–1.11)
Eastern Mediterranean region (0.98–1.16) (0.98–1.11) (0.98–1.11)
Latin American and Caribbean region (0.92–1.08) (0.94–1.06) (0.95–1.05)
South-East Asian region (0.99–1.17) (0.99–1.13) (0.99–1.12)
Western Pacific regiona (0.92–1.09) (0.95–1.06) (0.95–1.06)
Developed countriesb (0.94–1.06) (0.94–1.06) (0.93–1.08)

a without developed countries.
b and Cuba.



account more complex pathways by which climate change may affect health,
such as the relative importance of fruit and vegetable availability, animal hus-
bandry, and the effect on micronutrient malnutrition this may induce. The con-
sequences of decreasing water sources and synergistic effects of malnutrition and
poverty also cannot be modelled currently. Due to these omissions, the current
estimate probably is conservative.

Exposure distribution and exposure-response relationship
Global maps of temperature and rainfall at 0.5° latitude by 0.5° longitude, and esti-
mates of atmospheric CO2 levels, were generated for each scenario and time point.

The IBSNAT-ICASA dynamic growth models (42) for grain cereals and soybean
were used to estimate the effect of projected changes in temperature, rainfall and
CO2 on future crop yields. These crop yield estimates are introduced in the world
food trade model “Basic Linked System’ (43) to provide national food availabil-
ity. This system consists of a linked series of 40 national and regional food models
for food production, the effects of market forces and Government policies on
prices and trade, and trends in agricultural and technological conditions (further
details in Fischer (44)). Principal characteristics of the model include the 
following:

• assumes no major changes in political and economic context of world food
trade

• population growth occurs according to the World Bank mid-range estimate
(45)—10.7 billion by the 2080s

• GDP increases as projected by the Energy Modelling Forum (46)
• 50% trade liberalization is introduced gradually by 2020.

National food availability is converted into the proportion of the population in
each region who do not have sufficient food to maintain a basal metabolic rate
of 1.4, the UN Food and Agriculture Organization’s definition of under-nourish-
ment (47). The model generates outputs for continents principally made up of
vulnerable developing countries (i.e. excluding North America, Europe and
China). Although the broad geographical scale of the food model precludes
detailed analysis, the model outputs correlate with incidence of stunting and
wasting (48) at the continental level. For this analysis, it is therefore assumed
that projected changes in food availability will cause proportional changes in 
malnutrition.

The relative risks of malnutrition are shown in Table 7.6. Uncertainty ranges
around these estimates are difficult to quantify, as aside from applying alterna-
tive climate scenarios to a series of Hadley centre climate models, no sensitivity
analyses have been carried out on other model assumptions. Hence, there are
several possible sources of uncertainty, including the variation of critical para-
meters (particularly rainfall) between different climate models, and the influence
of food trade and future socioeconomic conditions affecting the capacity to cope
with climate-driven changes in food production. The mid-range estimates there-
fore are derived from a simple application of the model described above. In the
absence of further information at this point, uncertainty intervals are defined as
ranging from no risk to doubling of the mid-range risk.

Focus for research
For the purpose of estimating burden of disease, priorities for future research
should include:
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• sensitivity of estimates to the outputs of various different climate models
• estimation of uncertainty around exposure-response relationships
• validation of the climate-malnutrition model against past data
• improved resolution of model outputs, e.g. to national level
• correlation of model outputs with health outcomes at higher resolution
• investigation of synergistic effects of water availability and poverty on 

malnutrition.

Natural disasters caused by extreme weather and sea level rise

Natural disasters caused by extreme weather events are a significant cause of
mortality and morbidity worldwide (49, 50). These impacts are influenced by
short and long-term averages and variability of weather conditions (51, 52), and
are likely to be affected by the observed and predicted trends towards increas-
ingly variable weather (see chapter 2).

Weather events considered for estimating disease burden include the 
following:

• coastal flooding, driven by sea level rise
• inland flooding and mudslides caused by increased frequency of extreme 

precipitation.

Due to lack of quantitative information, climate change effects on the following
impacts of natural disasters could not be quantified. However, the aggregate effect
of such longer-term mechanisms may very well be greater than from the acute
effects:

• effects of wind storms
• effects of melting snows and glaciers on floods and landslides
• longer term health impacts resulting from population displacement
• consequences of damage to health systems
• infectious disease outbreaks and mental problems due to emergency situa-

tions (such as living in camps).

Exposure distribution and exposure-response relationship
Coastal floods: Published models estimate the change in sea levels for each sce-
nario (53, 54). The number of people affected has been estimated by applying
these changes to topography and population distribution maps. The model has
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TABLE 7.6 Range of estimates of relative risks of malnutrition attributable to
climate change in 2030, under the alternative exposure scenarios.

Region Relative risks

Unmitigated emissions S570 S550

African region (1.00–1.05) (1.00–1.09) (1.00–1.00)
Eastern Mediterranean region (1.00–1.12) (1.00–1.20) (1.00–1.06)
Latin American and Caribbean region (1.00–1.00) (1.00–1.22) (1.00–1.10)
South-East Asian region (1.00–1.27) (1.00–1.32) (1.00–1.22)
Western Pacific regiona (1.00–1.00) (1.00–1.05) (1.00–1.02)
Developed countriesb (1.00–1.00) (1.00–1.00) (1.00–1.00)

a without developed countries.
b and Cuba.



shown good results in comparison with detailed assessments at national level
(summarized in Nicholls (54)).

Inland floods and mudslides: Despite clear causal links, inland floods and mud-
slides have not yet been quantitatively related to health impacts (55). At local
level such natural disasters are determined by the frequency of extreme precip-
itation over a limited period (hour, day or week) and the average amount of pre-
cipitation. Health impacts are modulated by the topographical distribution of
population as well as social aspects of vulnerability, including the quality of
housing and early warning systems (56).

In the absence of detailed information, this analysis makes the a priori assump-
tion that flood frequency is proportional to the frequency of monthly rainfall
exceeding the highest monthly rainfall that would, under baseline (i.e.
1961–1990) climate conditions, occur in every 10 years (i.e. the upper 99.2%
confidence interval of the distribution of monthly rainfall). The change in 
the frequency of such extreme events under the various climate scenarios 
was calculated for each cell of the global climate model grid. Using GIS software,
this was overlaid on a map of global population distribution at 1° by 1° resolu-
tion. This allowed the calculation of the measure of exposure (i.e. the per capita
change in risk of experiencing such an extreme weather event) within each
region.

In contrast to the other health impacts considered in this assessment, health
impacts caused by natural disasters do not refer to a specific disease, with an
associated burden calculated by WHO. It is therefore not possible directly to apply
the impact fraction calculations described above. Instead, it is necessary to esti-
mate the impacts attributable to these climate events under baseline climate condi-
tions; relative risk estimates for future scenarios are applied to these numbers.
The numbers of such deaths and injuries are based on the EM-DAT database (57),
which records events resulting in at least one of the following: (1) >10 people
killed, (2) >200 injured or (3) a call for international assistance. Although the
most rigorously compiled and most comprehensive database available at the
global scale, this is probably subject to significant under-reporting, so that esti-
mates are likely to be conservative. EM-DAT quotes numbers of people killed,
injured and affected. However for this assessment only the numbers of people
killed are used as the EM-DAT group (EM-DAT Director, pers. comm.) considers
injury numbers for floods to be unreliable, and currently it is not possible to fully
characterize the health impact of being affected by flooding. Annual incidence
of death attributable to such disasters under baseline climate conditions was esti-
mated as 20-year averages for each region.

Baseline incidence rates alter over time, according to vulnerability. Some
factors decrease vulnerability, such as improving flood defences implemented by
populations becoming richer, and some increase vulnerability, such as increasing
population density in coastal areas. Adjustments were made to account for these
effects. Nicholls’ model (54) incorporates coastal flooding defences in line with
GNP change and population distribution. For inland floods, vulnerability effects
are approximated by an analysis for all natural disasters (58). These effects are
not specific to inland floods but nevertheless were applied as the specific rela-
tionship has not been modelled. There is some evidence that young children and
women are more vulnerable to acute impacts of natural disasters from earth-
quakes (59) and famines (60). This information is considered insufficient to apply
to these estimates, equal impacts for all age and sex groups therefore are
assumed.
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Uncertainty of these estimates of course is related to the frequency of extreme
weather events as modelled by the various climate scenarios and models, and to
evolving protection over time due to projected increases in GNP. Results for
coastal flooding are more reliable; they are driven by changes in sea level rise
that are relatively consistent across climate models. The estimates are much more
uncertain for inland flooding, as precipitation predictions vary considerably
between climate models and scenarios. In addition, while the models do account
for changes in protection proportional to GNP, individual responses to risk have
not been quantified (61). As it can be expected that individual response acts as
protection, the results are considered as an upper limit. Mid-estimates are
assumed as 50% of the upper limit, the lower estimate assumes that 90% of the
projected impacts would be avoided. For inland flooding estimates, the upper
and lower estimates are expanded to include a relative risk of 1 (i.e. no change)
to 50% greater exposure and no adaptation, to take account of the greater uncer-
tainty inherent in the precipitation estimates.

The ranges of estimates for relative risks of floods in different regions are pre-
sented in Table 7.7.

Future research
The link between extreme weather events and the health impacts of the result-
ing disasters are surprisingly poorly researched. Substantial improvements could
be made by improved investigation of:

• current health impacts from natural disasters, particularly in developing 
countries

• more detailed description of disasters
• analysis of health impacts versus intensity of precipitation at higher tem-

poral and spatial resolution
• formal sensitivity analyses for each model parameter
• longer-term health effects: particularly those resulting from population dis-

placement or drought periods and their effects on food production.

Such research would improve the accuracy of estimates and the inclusion of
probably more important health effects.
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TABLE 7.7 Range of estimates for the relative risks of flood deaths attributable to climate
change in 2030.

Region Inland floods Coastal floods

Unmitigated S570 S550 Unmitigated S570 S550
emissions emissions

African region (1.00–2.27) (1.00–2.65) (1.00–3.16) (1.20–1.79) (1.15–1.59) (1.13–1.55)
Eastern Mediterranean (1.00–6.83) (1.00–6.69) (1.00–3.16) (2.16–5.61) (1.86–4.46) (1.80–1.55)

region
Latin American and (1.00–4.24) (1.00–4.43) (1.00–3.74) (1.80–4.20) (1.61–3.43) (1.57–3.28)

Caribbean region
South-East Asian (1.00–1.75) (1.00–2.39) (1.00–2.49) (1.06–1.21) (1.04–1.15) (1.04–1.15)

region
Western Pacific (1.00–3.13) (1.00–2.70) (1.00–2.50) (1.03–1.10) (1.02–1.08) (1.02–1.07)

regiona

Developed countriesb (1.00–8.79) (1.00–8.69) (1.00–7.73) (1.32–2.27) (1.34–2.36) (1.45–2.81)

a without developed countries.
b and Cuba.



Falciparum malaria

Strength of evidence
Vector-borne diseases are among the most important causes of global ill-health,
particularly in tropical regions (2). As described in chapter 6, substantial labora-
tory (62, 63) and field evidence (64) indicate that both vectors and the pathogens
they transmit are highly sensitive to climate conditions, and therefore likely to
be affected by future climate change. There is, however, considerable debate over
the degree to which potential climate-driven increases in geographical distribu-
tions and rates of disease will be prevented by modifying factors (availability of
sufficient rainfall or suitable habitat) and the effects of control programmes,
socioeconomic developments and population immunity (11, 65–68).

Although climate change is likely to have some effect on all climate-sensitive
diseases, only a few have been investigated at the global scale. This assessment
is restricted to falciparum malaria, which has been subjected to more detailed
study, by more independent research groups, than other diseases.

Exposure distribution and exposure-response relationships
The main parameters affecting vector-borne diseases include temperature, rain-
fall, and absolute humidity. These were mapped for each considered scenario as
described above. Quantified relationships between climate, vector population
biology and disease incidence have not been described in generalized models, as
they depend upon a variety of modifying factors also described above. In addi-
tion, the complexity of immune response of populations to changing exposure
to infection is difficult to predict (69, 70). The only global models available to
date predict changes in geographical and temporal distributions, and therefore
populations at risk, rather than incidence of disease. This analysis assumes that
relative changes in disease incidence are proportional to changes in the popula-
tion at risk.

Of the various models that investigate the relationship between climate and
malaria, only two have been validated directly to test how well they explain the
current distribution of the disease over wide areas. The MARA climate model
(Mapping Malaria Risk in Africa) (71, 72) is based on observed effects of climate
variables on vector and parasite population biology and malaria distributions in
local field studies. This information is used to define areas that are climatically
suitable for falciparum malaria transmission, and therefore the population at risk,
throughout Africa. Predictive distribution maps generated from the model show
a close fit to the observed margins of the distribution in Africa, based on a detailed
historical database, independent of the data used to create the original model.
The major disadvantages of the model for this exercise are that the validation by
visual rather than statistical comparison of the predicted and observed maps, and
the distribution limits, are assumed to be constrained only by climate rather than
by control or other socioeconomic factors. While the validation indicates that this
is a reasonable assumption for Africa, it may be less appropriate for other regions.

The other validated model is that of Rogers and Randolph (66) which uses a
direct statistical correlation between climate variables and observed disease dis-
tributions to give a highly significant and reasonably accurate fit to the current
global distribution of all malaria. This model has the significant advantages of not
making a priori assumptions about climate–disease relationships, and being tested
directly against observed data. However, the quality of the available distribution
data (relatively coarse maps of the distribution of both falciparum and vivax
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malaria) means that the model can be validated only against a subset of the orig-
inal data used for model building, rather than a completely independent data set.
Neither is it clear what effect the combination of distributions of different para-
sites, with different climate sensitivities, may have on model sensitivity to future
climate changes.

As both models are informative but imperfect descriptions of climate-malaria
relationships, and have not been directly compared with one another, the results
of both are considered in this assessment. Relative risks presented here are the
ratios of the population at risk in each region, relative to the population at risk
under the 1961–1990 climate, according to the MARA model. “Population at
risk” is considered as the population living in areas climatically suitable for more
than one month of malaria transmission per year. In order to estimate disease
burdens, these relative risks are multiplied with the baseline incidences of malaria
for each region. This method is conservative, as it accounts only for malaria in
the additional population at risk and not for increasing incidence within already
endemic populations. An additional conservative assumption built into the model
is that climate change will not cause expansion of the disease into developed
regions, even if they become climatically suitable. We are therefore estimating
climate-driven changes in the population at risk within those regions where
current and predicted future socioeconomic conditions are suitable for malaria
transmission.

Possible sources of uncertainty may include:

• results based on different climate projections, as for the other factors
• the degree to which the model validated for Africa applies to other regions
• the relationship between the increase of the population at risk and the inci-

dence of disease for each region
• the influence of control mechanisms.

These uncertainties are likely to be considerable, but have not been formally
quantified. As the other model validated for field data (66) predicts practically
no increase in the population at risk even under relatively severe climate change,
the lower uncertainty estimate assumes no effect. The upper range is estimated
as a doubling of the mid-range estimate.
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TABLE 7.8 Range of estimates for the relative risks of malaria attributable to
climate change in 2030, under the alternative exposure scenarios.

Region Relative risks

Unmitigated emissions S570 S550

African region (1.00–1.17) (1.00–1.11) (1.00–1.09)
Eastern Mediterranean region (1.00–1.43) (1.00–1.27) (1.00–1.09)
Latin American and Caribbean region (1.00–1.28) (1.00–1.18) (1.00–1.15)
South-East Asian region (1.00–1.02) (1.00–1.01) (1.00–1.01)
Western Pacific regiona (1.00–1.83) (1.00–1.53) (1.00–1.43)
Developed countriesb (1.00–1.27) (1.00–1.33) (1.00–1.52)

a without developed countries.
b and Cuba.

Future research
Additional information on the following would contribute to improvements in
quantitative predictions of vector-borne disease frequency caused by climate
change:



• models relating climate parameters to disease incidence rather than areas
and populations at risk

• relationships between climate and other vector-borne diseases
• effects of population vulnerability
• model validation with past and current data on climate parameters and

disease frequency
• effects of climate variability rather than change in average values alone.

Aggregated estimates for 2000

Projections of DALYs for specific diseases are required in order to convert rela-
tive risks into estimates of burden of disease. While DALY projections for the
period to 2030 will shortly be released by WHO, currently they are available 
for 2000 alone. The application of the relative-risk models described above may
give a better estimate of the current health impacts of climate change than
directly measuring long-term changes in health states and correlating them
against long-term changes in climate (see chapter 10). Although it is perhaps 
counter-intuitive and somewhat unsatisfactory to use models rather than direct
observation to estimate current disease, it is a necessary consequence of both 
the poor surveillance data that is available for monitoring long-term trends, and
the difficulties of separating out the contributions of climatic and non-climatic
factors.

Relative risks for 2000 have been estimated as described above, and applied
to the disease burden estimates for that year, with the exception of the effects of
extreme temperatures on cardiovascular disease, for the reasons described above
(Table 7.9). While the resulting estimates are clearly of limited value in inform-
ing policies related to future GHG emissions, they do address two purposes.
Firstly, illustrating the approximate magnitude of the burden of disease that
already may be caused by climate change, if current understanding of climate-
health relationships is correct. Secondly, serving to highlight both the specific dis-
eases (particularly malnutrition, diarrhoea and malaria) and the geographical
regions (particularly those made up of developing countries) that are likely to
make the greatest contribution to the future burden of climate-change associ-
ated disease.
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TABLE 7.9 Estimates for the impact of climate change in 2000 in thousands of DALYs, given
by applying the relative risk estimates for 2000 to the DALY burdens for specific diseases
quoted in the World Health Report (2002) (2).

Malnutrition Diarrhoea Malaria Floods Total Total DALYs/
million population

African region 616 414 860 4 1894 3071.5
Eastern Mediterranean region 313 291 112 52 768 1586.5
Latin American and Caribbean region 0 17 3 72 92 188.5
South-East Asian region 1918 640 0 14 2572 1703.5
Western Pacific regiona 0 89 43 37 169 111.4
Developed countriesb 0 0 0 8 8 8.9
World 2847 1460 1018 192 5517 920.3

a without developed countries.
b and Cuba.



Conclusions

Attempts to predict the future health impacts of any risk factor are necessarily
uncertain. They rely on a reasonable projection of future exposures to the risk
factor, unbiased measurement of the relationship between the exposure and
health impacts, and the assumption that this relationship will either hold con-
stant, or change in a predictable manner.

Climate change differs from other health risk factors in that considerable effort
has been devoted to generating and evaluating formal models to forecast future
climate in response to likely trajectories of atmospheric gaseous compositional
change. Arguably we therefore have better information on future climate than
for most health exposures. Substantial knowledge also has been accumulated on
the relationship between climate variations (either over short time periods or
geographically) and a series of important health impacts. Although this infor-
mation is far from complete, it provides a basis for a first approximation of the
likely scale of climate change effects on a range of impacts.

The health impacts of climate change were estimated for the disease outcomes
that (1) are of global importance, (2) the IPCC concludes are most likely to be
affected by climate change, and (3) for which sufficient information for global
modelling was available.

Climate change is expected to affect the distribution of deaths from the direct
physiological effects of exposure to high or low temperatures (i.e. reduced mor-
tality in winter, especially in high latitude countries, but increases in summer
mortality, especially in low latitudes). However, the overall global effect on mor-
tality is likely to be more or less neutral. The effect on the total burden of disease
has not been estimated, as it is unclear to what extent deaths in heat extremes
are simply advancing deaths that would have occurred soon in any case.

It is estimated that in 2030 the risk of diarrhoea will be up to 10% higher in
some regions than if no climate change occurred. Uncertainties around these 
estimates mainly relate to the very few studies that have characterized the 
exposure-response relationship.

Estimated effects on malnutrition vary markedly across regions. By 2030, the
relative risks for unmitigated emissions relative to no climate change vary from
a significant increase in the south-east Asia region, to a small decrease in the
western Pacific region. There is no consistent pattern of reduction in relative risks
with intermediate levels of climate change stabilization. Although these estimates
appear somewhat unstable due to the high sensitivity to regional variation in
precipitation, they are large and relate to a major disease burden.

Proportional changes in the numbers of people killed in coastal floods are very
large, but induce a low disease burden in terms of people immediately killed and
injured. Impacts of inland floods are predicted to increase by a similar order of
magnitude and generally cause a greater acute disease burden. In contrast to
most other impacts, the relative increase in risks tends to be similar in devel-
oped and developing regions. However, these apply to baseline rates that are
much higher in developing than developed countries. Estimates are subject 
to uncertainty around the likely effectiveness of adaptation measures, and 
around the quantitative relationships between changes in precipitation, the fre-
quency of flooding and associated health impacts. The suggestion of a trend
towards decreasing incidence with increasing GHG emissions in some regions
most probably is due to the uncertainties inherent in predicting precipitation
trends.
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Relatively large changes in relative risk are estimated for falciparum malaria in
regions bordering current endemic zones. Relative changes are much smaller in
areas that already are highly endemic, mainly because increases in transmission
in already endemic zones are not considered in this analysis. Most temperate
regions are predicted to remain unsuitable for transmission, either because they
remain climatically unsuitable (most of Europe), and/or socioeconomic condi-
tions are likely to remain unsuitable for reinvasion (e.g. the southern United
States). The principal uncertainties relate to the reliability of extrapolations made
between regions, and the relationship between changes in the population at risk
of these diseases and disease incidence.

Application of the models derived above to the disease estimates for the
present (i.e. 2000) suggest that, if the understanding of broad relationships
between climate and disease is realistic, then climate change already may be
having some impacts on health. This shows the advantages of using the 
DALY system to take into account not only the proportional change in each
impact, but also the size of the disease burden. Although proportional changes
in impacts such as diarrhoea and malnutrition are quite modest (compared to
floods for example) they are likely to be extremely important in public 
health because they relate to such a large burden of disease. Similarly, such
analyses emphasise that the impacts are likely to be much larger in the poorest
regions of the world. Unfortunately, the relatively poor health surveillance
systems that operate in many of the areas likely to be most affected by climate
change, coupled with the difficulties of separating climatic and non-climatic
influences, make it extremely difficult to test directly whether the modest
expected changes have occurred or been prevented by non-climatic modifying
factors. Improvements in models, and particularly in the collection of health sur-
veillance data, will be essential for improving the reliability and usefulness of
such assessments.

The total estimated burden for the present is small in comparison to other
major risk factors for health measured under the same framework. Tobacco con-
sumption, for example, is estimated to cause over ten times as many DALYs (3).
It should be emphasised, however, that in contrast to many risk factors for health,
exposure to climate change and its associated risks are increasing rather than
decreasing over time.

All of the above models are based on the most comprehensive currently 
available data on the quantitative relationships between climate and disease.
However, other factors clearly affect rates of all of these diseases and in many
cases interact with climatic effects. As far as possible, the effect of non-climatic
factors (both current and future) has been included in these analyses. Under-
standing of the interactions between climate and non-climatic effects remains far
from perfect, and the degree to which population adaptation (physiological,
behavioural or societal) may absorb climate-driven changes in risk represents the
greatest degree of uncertainty in our projections. Research on these interactions
clearly is necessary, and should greatly improve the accuracy of future estimates,
as well as indicating how best to adapt to climate change.

In every assessment of disease burden at global level, a model relying on a
number of hypotheses needs to be constructed, as only a fraction of the neces-
sary data is ever available. While these results still bear considerable uncertainty,
the international climate research community (represented by the UN IPCC) con-
cludes that anthropogenic climate change has occurred already, will continue to
occur and will adversely affect human health. This first global assessment, based
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on a comparable and internally consistent method, provides the opportunity to
explore the diverse and potentially large health impacts anticipated.

This assessment serves not only to generate the best estimates possible given
current knowledge, but also to highlight the most important knowledge gaps that
should be addressed in order to improve future assessments. A very large part of
possible health effects were not included in this assessment, either because of
insufficient baseline data on health and climate or because the exposure-response
relationships have been inadequately researched for quantifying those impacts.
No indirect (air pollution and then disease), synergistic (poverty), or longer-term
effects (displacement of populations) have been considered in this analysis. In
addition the projections are made only until 2030, which is somewhat unsatis-
factory for a health exposure that accumulates gradually and perhaps irreversibly.
For these reasons the estimates should be considered not as a full accounting of
health impacts but as a guide to the likely magnitude of some health impacts of
climate change, in the near future.
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Introduction

To our forebears the sky was the realm of the gods, inaccessible to mere humans.
Only 100 years ago, the few scientists studying environmental problems would
have been incredulous at suggestions that, by the late twentieth century,
humankind would have begun to change the composition and function of the
stratosphere. Yet this has happened. After 8000 generations of Homo sapiens, this
generation has witnessed the onset of the remarkable process of human-induced
depletion of stratospheric ozone.

By the usual definition, stratospheric ozone depletion is not an integral part
of the process of “global climate change”. The latter process results from the
accrual of greenhouse gases in the troposphere, physically separate from the
stratosphere. The stratosphere extends from around 10 to 50km altitude (see
Figure 8.1). It is distinguishable from the lower atmosphere (troposphere) and
the outer atmosphere (mesosphere and thermosphere). In particular, most of the
atmosphere’s ozone resides within the stratosphere. The ozone layer absorbs
much of the incoming solar ultraviolet radiation (UVR) and thus offers substan-
tial protection from this radiation to all organisms living at, or near to, Earth’s
surface.

Intriguingly, atmospheric ozone is not part of the planet’s original system but
a product of life on Earth, which began around 3.5 billion years ago. Until a half
billion years ago, living organisms could not inhabit the land surface. Life was
confined to the world’s oceans and waterways, relatively protected from the
intense unfiltered solar ultraviolet radiation. About 2 billion years ago as photo-
synthesising organisms emitted oxygen (O2), a waste gas (ozone–O3) gradually
began to form within the atmosphere (1). From around 400 million years ago
aqueous plants were able to migrate onto the now-protected land and evolve
into terrestrial plants, followed by animal life that ate the plants. So the succes-
sion has evolved, via several evolutionary paths, through herbivorous and car-
nivorous dinosaurs, mammals and omnivorous humans. Today, terrestrial species
are shielded by Earth’s recently acquired mantle of ozone in the stratosphere that
absorbs much of the solar ultraviolet.

Unintentionally, the human species has now reversed some of that stratos-
pheric ozone accumulation. Surprisingly, various industrial halogenated chemi-
cals such as the chlorofluorocarbons (CFCs, used in refrigeration, insulated
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packaging and spray-can propellants), inert at ambient temperatures, react with
ozone in the extreme cold of the polar stratospheric late winter and early spring.
This time of year combines cold stratospheric temperatures with the “polar
dawn”, as solar ultraviolet radiation begins to reach the polar stratosphere, where
it causes photolytic destruction of human-made gases in the stratosphere, such
as the CFCs, methyl bromide and nitrous oxide. This, in turn, generates reactive
“free radicals” that destroy stratospheric ozone.

The Montreal Protocol—noticing and responding to ozone depletion

Colour-enhanced pictures of the winter-spring polar “ozone hole” on the United
States NASA web-site depict an overall loss which had crept up to around one-
third of total Antarctic ozone, by the late 1990s, relative to the pre-1975 figure.
Winter-spring losses in the Arctic are smaller because local stratospheric tem-
peratures are less cold than in the Antarctic. During the 1980s and 1990s at
northern mid-latitudes (such as Europe), the average year-round ozone con-
centration declined by around 4% per decade: over the southern regions of 
Australia, New Zealand, Argentina and South Africa, the figure has approximated
6–7%. Long-term decreases in summertime ozone over New Zealand have been
associated with significant increases in ground level UVR, particularly in the
DNA-damaging waveband (2). Ozone depletion is one of several factors, includ-
ing cloud cover and solar elevation, which affect ground level UV radiation. An
examination of atmospheric changes in Australia from 1979 to 1992 has shown
that the deseasonalised time series of UVR exposures were a linear function of
ozone and cloud cover anomalies. In tropical Australia a trend analysis indicated
a significant increase in UVR, estimated from satellite observations, of 10% per
decade in summer associated with reduced ozone (1–2% per decade) and
reduced cloud cover (15–30% per decade). In southern regions, a significant
trend for UVR over time was not observed, partially due to increased cloud cover.
Thus, in Tasmania, despite a significant ozone reduction of 2.1% per decade,
measures of ground level UVR have not increased (3).

Estimating the resultant changes in actual ground-level ultraviolet radiation
remains technically complex. Further, the methods and equipment used mostly
have not been standardised either over place or time. While there is good agree-
ment between similarly calibrated spectroradiometers, this may not be true when
comparing different types of instruments—spectroradiometers, broad-band
meters, filter radiometers. There is little or no reliable evidence on levels of UV
radiation prior to concerns related to ozone depletion (pre-1980s) due to main-
tenance and calibration difficulties with these older instruments. The advent of
satellite measuring systems allowed reliable measurement of UVR. However,
satellite measurements may not accurately reflect ground level UVR due to
failure to take adequate account of lower atmospheric changes. For example,
satellite estimates suggest that the difference in summertime erythemal UV irra-
diances between northern and southern hemispheres is around 10–15%.
However, ground level measurements indicate that this difference may be even
higher, probably due to lesser atmospheric pollution in the southern hemisphere.

It is clear that under cloud-free skies there is a strong correlation between
ground level erythemal UV radiation and levels of atmospheric ozone (4). Yet
the effects of clouds, increasing tropospheric ozone and aerosol pollution of the
lower atmosphere modify this relationship making the detection of long-term
trends in UVR related to ozone depletion difficult to elucidate. Long-term pre-
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dictions are uncertain since they involve assumptions about not only future
ozone levels but also future variations in cloud cover, tropospheric ozone and
lower atmospheric pollution. However, exposures at northern mid-latitudes are
projected to peak around 2020, entailing an estimated 10% increase in effective
ultraviolet radiation relative to 1980s levels (5).

Fears of ozone depletion due to human activities first emerged in the late
1960s. A decade of denial and debate followed with eventual acceptance by 
scientists and policy-makers that ozone depletion was likely to occur and 
would represent a global environmental crisis. In the mid-1980s governments
responded with alacrity to the emerging problem of ozone destruction. The 
Montreal Protocol of 1987 was adopted, widely ratified and the phasing out of
major ozone-destroying gases began. The protocol was tightened further in the
1990s. At first sight, the solution to this particular global environmental change
appears to be unusually simple: a substitution of particular industrial and agri-
cultural gases for others. However, the problem has not yet been definitely
solved. First, there is a large range of human-made ozone-destroying gases,
including some of those chemicals developed to replace the early CFCs. Second,
compliance with the international agreement remains patchy. Third, scientists
did not foresee the interplay (see below) between a warming lower atmosphere
and an ozone-depleted stratosphere. Nevertheless, scientists anticipate that there
will be slow but near-complete recovery of stratospheric ozone during the middle
third of the twenty-first century.

Difference between stratospheric ozone depletion and 
human-enhanced greenhouse effect

Stratospheric ozone destruction is an essentially separate process from green-
house gas (GHG) accumulation in the lower atmosphere (see Figure 8.1),
although there are several important and interesting connections. First, several
of the anthropogenic greenhouse gases (e.g. CFCs and N2O) are also ozone-
depleting gases. Second, tropospheric warming apparently induces stratospheric
cooling that exacerbates ozone destruction (6, 7). As more of Earth’s radiant heat
is trapped in the lower atmosphere, the stratosphere cools further, enhancing the
catalytic destruction of ozone. Further, that loss of ozone itself augments the
cooling of the stratosphere. Interactions between climate change and stratos-
pheric ozone may delay recovery of the ozone layer by 15–20 years (5).

Third, depletion of stratospheric ozone and global warming due to the build-
up of greenhouse gases interact to alter UVR related effects on health. In a
warmer world, patterns of personal exposure to solar radiation (e.g. sun-bathing
in temperate climates) are likely to change, resulting in increased UVR exposure.
This may be offset by changes in cloud cover and cloud optical thickness as a
result of global climate change. Predictions of future UVR exposures based on
ozone depletion, behavioural changes and climate change are uncertain. A recent
analysis of trends in Europe reports a likely increase of 5–10% in yearly UV doses
received over the past two decades (5).

Stratospheric ozone depletion has further indirect health effects. One impor-
tant effect is that ozone depletion in the stratosphere increases the formation of
photochemical smog, including ozone accumulation, in the lower troposphere.
That is, ozone depletion in the upper atmosphere will allow more ultraviolet radi-
ation to reach the troposphere where photochemical smog forms via a UVR-
mediated breakdown of nitrogen dioxide (a common fossil fuel pollutant) and
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other products. Photochemical smog is a complex chemical mixture containing
nitric acid (HNO3); peroxyacyl nitrates (PANs), aldehydes (e.g. formaldehyde)
ozone (O3) and other substances. It has been estimated that the concentration of
tropospheric ozone has increased from 10ppb 100 years ago to 20–30ppb in some
locations today, with peaks of >100ppb reported in some centres (9). The ozone
component of photochemical smog acts as a respiratory irritant, causing oxidant
damage to the respiratory epithelium and possibly enhancing allergen-induced
airway inflammation.

Solar UVR measurement

Sunlight consists of solar rays of differing wavelengths. Visible light ranges from
400nm (violet) to 700nm (red). Infrared radiation, or heat, has longer wave-
lengths than visible light; ultraviolet radiation has shorter wavelengths than
visible light. UVR is further divided into UVA (315–400nm), UVB (280–315nm)
and UV-C (<280nm). Almost all incoming solar UVC and 90% of UVB are
absorbed by stratospheric ozone, while most UVA passes through the atmosphere
unchanged. Although UVA penetrates human skin more deeply than UVB, the
action spectra from biological responses indicate that it is radiation in the UVB
range that is absorbed by DNA—subsequent damage to DNA appears to be a key
factor in the initiation of the carcinogenic process in skin (10).

The amount of ambient UVB experienced by an individual outdoors with skin
exposed directly to the sky is dependent on the following:

(i) stratospheric ozone levels
(ii) solar elevation
(iii) regional pollution
(iv) altitude of the individual
(v) cloud cover
(vi) presence of reflective environmental surfaces such as water, sand or snow.
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The amount of received UVR exposure can be measured in terms of the energy
of the transmitted photons, often expressed as energy per unit area irradiated
(e.g. joules per square metre).

To examine the health effects of solar UVR, it is necessary also to consider
measurement in the biological dimension. Hence, UVR also is described in units
of erythemal (sunburn) efficacy. To this end, exposure is spectrally weighted over
the relevant wavelengths according to erythemal impact (using the Commission
Internationale de l’Éclairage {CIE} (11) erythemal standard action spectrum (12)).
Thus, standard erythemal doses (SEDs) can be defined (13) by which daily,
monthly or annual UV exposures can be quantified. A UV index also has been
defined to express the daily maximum in biologically effective UVR, reached
around midday.

Main types of health impacts

There is a range of certain or possible health impacts of stratospheric ozone deple-
tion. These are listed in Table 8.1.

Many epidemiological studies have implicated solar radiation as a cause of skin
cancer (melanoma and other types) in fair-skinned humans (14, 15). The most
recent assessment by the United Nations Environment Program (1998) projected
significant increases in skin cancer incidence due to stratospheric ozone deple-
tion (16). The assessment anticipates that for at least the first half of the twenty-
first century (and subject to changes in individual behaviours) additional
ultraviolet radiation exposure will augment the severity of sunburn and inci-
dence of skin cancer.

High intensity UVR also damages the eye’s outer tissues causing “snow 
blindness”, the ocular equivalent of sunburn. Chronic exposure to UVR is 
linked to conditions such as pterygium (17). UVB’s role in cataract formation 
is complex but some subtypes, especially cortical and subcapsular cataracts,
appear to be associated with UVR exposure while others (nuclear cataracts) do
not.

In humans and experimental animals, UVR exposure causes both local and
whole-body immunosuppression (16). Cellular immunity is affected by variation
in the ambient dose of UVR (18). UVR-induced immunosuppression therefore
could influence patterns of infectious disease and may also influence the occur-
rence and progression of various autoimmune diseases. Nevertheless, little direct
evidence exists for such effects in humans, and uncertainties remain about the
underlying biological processes.

Finally, there is an ecological dimension to consider. Ultraviolet radiation
impairs the molecular chemistry of photosynthesis both on land (terrestrial
plants) and at sea (phytoplankton). This could affect world food production, at
least marginally, and thus contribute to nutritional and health problems in food-
insecure populations. However, as yet there is little information about this less
direct impact pathway.

Disorders of the skin

Since the 1850s it has been known that excessive exposure to sunlight can cause
skin damage. Observation of boatmen, fishermen, lightermen, agricultural
labourers and farmers revealed that skin cancer developed on areas most fre-
quently exposed (e.g. hands, neck and face) (19). The exact process by which
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exposure to sunlight causes skin cancer was not understood until relatively
recently.

The incidence of skin cancer, especially cutaneous malignant melanoma, has
been increasing steadily in white populations over the past few decades (20). 
This is particularly evident in areas of high UVR exposure such as South Africa,
Australia and New Zealand. Human skin pigmentation has evolved over hun-
dreds of thousands of years, probably to meet the competing demands of pro-
tection from the deleterious effects of UVR and maximization of the beneficial
effects of UVR. Skin pigmentation shows a clear, though imperfect, latitudinal
gradient in indigenous populations (21). Over the last few hundred years,
however, there has been rapid migration of predominantly European popula-
tions away from their traditional habitats into areas where there is a mismatch
of pigmentation and UVR. The groups most vulnerable to skin cancer are white
Caucasians, especially those of Celtic descent (see Box 8.1) living in areas of high
UVR. Further, behavioural changes particularly in fair-skinned populations, have
led to much higher UV exposure through sun-bathing and skin-tanning. The
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TABLE 8.1 Summary of possible effects of solar ultraviolet radiation on the
health of human beings.

Effects on skin
• Malignant melanoma
• Non-melanocytic skin cancer—basal cell carcinoma, squamous cell carcinoma
• Sunburn
• Chronic sun damage
• Photodermatoses.

Effects on the eye
• Acute photokeratitis and photoconjunctivitis
• Climatic droplet keratopathy
• Pterygium
• Cancer of the cornea and conjunctiva
• Lens opacity (cataract)—cortical, posterior subcapsular
• Uveal melanoma
• Acute solar retinopathy
• Macular degeneration.

Effect on immunity and infection
• Suppression of cell mediated immunity
• Increased susceptibility to infection
• Impairment of prophylactic immunization
• Activation of latent virus infection.

Other effects
• Cutaneous vitamin D production

— prevention of rickets, osteomalacia and osteoporosis
— possible benefit for hypertension, ischaemic heart disease and tuberculosis
— possible decreased risk for schizophrenia, breast cancer, prostate cancer
— possible prevention of Type 1 (usually insulin dependent) diabetes

• Non-Hodgkin’s lymphoma
• Altered general well-being

— sleep/wake cycles
— seasonal affective disorder
— mood.

Indirect effects
• Effects on climate, food supply, infectious disease vectors, air pollution, etc.



marked increase in skin cancers in these populations over recent decades reflects,
predominantly, the combination of post-migration geographical vulnerability and
modern behavioural patterns. It remains too early to identify any adverse effect
of stratospheric ozone depletion upon skin cancer risk.

UVR and skin cancer
UVR exposure was first linked experimentally to skin cancer in the 1920s (19).
Using a mercury-vapour lamp as a source of UVR, Findlay exposed mice exper-
imentally to daily doses of UVR over 58 weeks. Malignant tumours developed
in four of the six mice that developed tumours, leading to the conclusion that
exposure to UVR could result in skin cancer (19). Epidemiologists’ interest in this
association was further stimulated by the possibility of human-induced damage
to stratospheric ozone, first theorized in the 1970s. The International Agency for
Research on Cancer in 1992 concluded that solar radiation is a cause of skin
cancer (14). A summary of the evidence appears in Box 8.1.

Within the ultraviolet radiation waveband, the highest risk of skin cancer is
related to UVB exposure. UVB is much more effective than UVA at causing bio-
logical damage, contributing about 80% towards sunburn while UVA contributes
the remaining 20% (22). UVB exposure (from both sunlight and artificial
sources) has been linked conclusively to cutaneous malignant melanoma (CMM)
and non-melanoma skin cancer (NMSC) (23, 24). Figure 8.2 shows diagram-
matically the UV spectrum and the erythemal effectiveness of solar radiation in
humans.

There is a strong relationship between the incidence (and mortality) of all
types of skin cancer and latitude, at least within homogeneous populations. Lat-
itude approximately reflects the amount of UVR reaching the earth’s surface (24).
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BOX 8.1 Evidence linking skin cancer to solar radiation

� Skin cancer—cutaneous malignant melanoma (CMM) and non-melanoma skin
cancer (NMSC)—occurs predominantly in white populations. It is uncommon in
populations with protective melanin pigmentation of the skin, e.g. Africans, Asians,
Hispanics, etc.

� Especially common in fair complexioned individuals who freckle and sunburn easily,
notably those of Celtic ancestry, e.g. Irish, Welsh, etc.

� Occurs primarily on parts of the body most often exposed to sunlight.
� Incidence of skin cancer is inversely correlated with latitude and shows a positive

relation to estimated or measured levels of UVR.
� Outdoor workers with chronic sun exposure are at greater risk than indoor

workers for NMSC. Indoor workers with intermittent sun intensive exposure
appear more prone to CMM.

� Risk of skin cancer is associated with various measures of solar skin damage.
� Individuals with certain genetic skin diseases, such as albinism, are prone to skin

cancer by virtue of their sensitivity to UVR.
� Experimental animals develop skin cancer with repeated doses of UVR (especially

UVB).
� Most SCC and BCC have highly specific mutations of the tumour supressor gene

p53 that are characteristic of UV-induced changes in model systems.

Source: adapted from reference 23



This is due partly to the differing thickness of the ozone layer at different 
latitudes, and partly to the angle at which solar radiation passes through the
atmosphere.

In response to UVB exposure the epidermis thickens via an increase in the
number of cell layers (epidermal hyperplasia). This occurs particularly in people
who do not tan readily. This thickening reduces the amount of UVB penetration
to the basal layer providing partial natural protection against the harmful effects
of UVR (27). Animal experiments indicate that despite this epidermal protection,
further UVB exposure can act as a potent tumour promoter on damaged basal
cells (28).

Ozone depletion and skin cancer
Scientists expect the combined effect of recent stratospheric ozone depletion, and
its continuation over the next one to two decades, to be (via the cumulation of
additional UVB exposure) an increase in skin cancer incidence in fair-skinned
populations living at mid to high latitudes (29).

Future impacts of ozone depletion on skin cancer incidence in European and
North American populations have been modelled (30). Figure 8.3 summarizes the
estimates for the expected excess skin cancer incidence in the US white popu-
lation, following three scenarios of ozone depletion. The first entails no restric-
tions on CFC emissions. The second, reflecting the original Montreal protocol of
1987, entails a 50% reduction in the production of the five most important ozone-
destroying chemicals by the end of 1999. In the third scenario, under the Copen-
hagen amendments to that protocol, the production of 21 ozone-depleting
chemicals is reduced to zero by the end of 1995. This (vertically integrated) mod-
elling study estimated that, for the third scenario, by 2050 there would be a park
relative increase in total skin cancer incidence of 5–10% in “European” popula-
tions living between 40°N and 52°N (based on a 1996 baseline of 2,000 cases of
skin cancer per million per year in the United States and 1,000 cases per million
per year in northwest Europen). The figure would be higher, if allowing for the
ageing of the population. The equivalent estimation for the United States’ popu-
lation is a 10% increase in skin cancer incidence by around 2050.

It must be remembered that all such modelling makes simplifying assumptions
and entails a substantial range of uncertainty. Not only is the shape of the UVR-
cancer (dose-response) relationship poorly described in human populations, but
also there is inevitable uncertainty about actual future gaseous emissions; the
physical interaction between human-induced disturbances of the lower and
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middle atmospheres (including changes in cloud cover under conditions of climate
change); and future changes in patterns of human exposure-related behaviours.

Eye disorders

Both age related macular degeneration (AMD) and cataract show associations
with low or depleted antioxidant status and higher oxidative stress (smoking),
suggesting common aetiological factors. Approximately 50% of incident UVA and
3% of UVB penetrates the cornea, where a further 1% of UVB is absorbed by
the aqueous humor (31). Remaining UVR is absorbed by the lens, hence the UVR
association with lens opacities is the most plausible. There is some evidence that
sunlight exposure (possibly the blue light component) may be implicated in
macular degeneration (32).

Solar radiation and risk of lens opacities: current level of evidence
The shorter wavelength constituents of solar radiation (notably UVA, UVB and
UVC) are more damaging to biological molecules than is visible light. Although
UVB is only 3% of the UVR that reaches the earth, it is much more biologically
active than UVA.

In vivo and in vitro laboratory studies demonstrate that exposure to UVR, in
particular to UVB, in various mammalian species induces lens opacification (33).
The actual mechanisms remain unclear but a range of adverse effects is observed
as a result of free radical generation from UVR energised electrons. There has
been criticism that UVR doses in laboratory studies are much higher than those
encountered in natural conditions (34). However, based on ambient UVA and
UVB fluxes in the north-eastern United States, it has been estimated that 26
hours of continuous UVA exposure or 245 hours of continuous UVB exposures
at those ambient levels would exceed the rabbit lens threshold for lens damage
(31). While direct extrapolation from animal studies to humans is not possible it
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is plausible that in humans, with much longer age spans than laboratory animals,
cumulative damage to the lens from UVR could explain the high prevalence of
lens opacities in elderly people.

There is mixed evidence for UVR’s role in lens opacities in human populations
(35). Cataracts are more common in some (but not all) countries with high UVR
levels. However, few studies have examined whether UVR can explain differ-
ences between populations in the prevalence of lens opacities. One study of
cataract surgical rates in the United States’ Medicare programme estimated a 3%
increase in the occurrence of cataract surgery for each 1° decrease in latitude
across the United States (36). However, surgery rates are not a good measure 
of the prevalence of opacities in the population; they are influenced by 
service access and differences in the thresholds for eligibility for surgery. Studies
in non-Western populations have provided some weak evidence for opacities
being higher in areas with greater UVB radiation. These studies based on 
eye examinations included surveys among Australian Aboriginal populations
(37); rural Chinese populations (38); and across areas of Nepal (39). These asso-
ciations may have been confounded by other unmeasured lifestyle factors, such
as diet.

Studies measuring UVR or outdoor exposure in individuals have shown incon-
sistent results. The strongest evidence is provided by a study of a high UVR-
exposed group (fishermen), in the Chesapeake Bay Watermen Study in the
United States (40, 41), which showed an association between adult UVR dose
and risk of cortical and posterior subcapsular opacities. In general population
studies in the United States, UVR exposure was related to cortical opacities in
one study (42) but not in another (43), or has been observed in men but not in
women (44). Further support for the association with cortical opacities and UVR
comes from mannikin studies showing the largest doses of UVR to be received
by the lower and inner (nasal) lens—the site where cortical opacities predomi-
nate (45). Cortical opacities are rare in the upper lens. However, it has been sug-
gested that the lack of an association between UVR and nuclear opacities may
reflect failure to measure exposures occurring in earlier life (46). Since the
nuclear material is the oldest in the lens capsule, the most relevant exposures
are those that occur in early life. In India, where rates of lens opacities are higher
than in Western populations, estimated lifetime sunlight exposure was associ-
ated with all types of lens opacities, including nuclear (47).

Few studies have been conducted in European populations. A hospital-based
case control study conducted in Parma, northern Italy showed an increased risk
of cortical cataracts with a four point scaled estimate of time spent outdoors (48).
In a small population based study in the north of Finland, working outdoors was
a risk factor for cortical cataracts in women, but not men (49). The POLA
(Pathologies Oculaires Liées à l’Age) study showed a significant association
between annual ambient solar radiation and cortical and mixed (mainly cortical
and nuclear) cataracts, with a modest trend also in nuclear-only cataracts (50).
The POLA study was undertaken in a small town in the south of France close to
the sea where there were high levels of outdoor professional and leisure activi-
ties. The study also showed an excess risk of posterior subcapsular cataracts for
people who were professionally exposed to sunlight (eg fishing, agriculture,
building industry). Of the European studies, only that of POLA attempted to
measure ambient UVR. Such measurements of UVR exposure (i.e. taking account
of occupation, leisure and residence) rarely have been made in other European
populations.
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The Reykjavik Eye Study, a population-based study in Iceland, found a posi-
tive relationship between cortical cataract and time spent outside on weekdays
(51). In Australia, the Melbourne Visual Impairment Project demonstrated a rela-
tionship between UVR and cortical cataract, as well as an interaction between
ocular UVB exposure and vitamin E for nuclear cataract (52).

An evaluation of the possible risk from UVR must take account of both con-
founding factors and factors that may modify the association. Factors that may
increase susceptibility to UVR-induced damage include poor nutrition and
smoking. Smoking may act as an additional source of oxidative stress and con-
sistently has been shown to increase the risk of cataract. Antioxidant micronu-
trients may enhance the free radical scavenging defence system of the eye. There
is some evidence that low dietary intakes of vitamins C, E and carotenoids
increase cataract risk (53, 54).

Solar radiation effects on the cornea and conjunctiva
Acute exposure of the eye to high levels of UVR, particularly in settings of high
light reflectance such as snow-covered surroundings, can cause painful inflam-
mation of the cornea or conjunctiva. Commonly called snow-blindness, photok-
eratitis and photoconjunctivitis are the ocular equivalent of acute sunburn.

Pterygium is a common condition that usually affects the nasal conjunctiva,
sometimes with extension to the cornea. It is particularly common in popula-
tions in areas of high UVR or high exposure to particulate matter. Studies of the
Chesapeake Bay watermen showed a dose-response relationship between history
of exposure to UVR and risk of pterygium (55). Others have found measures 
of UV exposure to be strongly related to pterygium risk (56, 57). In a large 
population-based study in Melbourne, almost half of the risk of pterygium was
attributable to sun exposure (58).

Effects on the retina
Other eye disorders associated with UVR are uncommon but cause significant
morbidity to affected individuals. Acute solar retinopathy, or eclipse retinopathy,
usually presents to medical attention soon after a solar eclipse when individuals
have looked directly at the sun. Effectively this is a solar burn to the retina.
Usually the resulting scotoma resolves but there may be permanent minor field
defects. Several cases of solar retinopathy in young adults, possibly related to
sun-gazing during a period of low stratospheric ozone in the United States, have
been described (59, 60).

Immune system function and immune-related disorders

Although most of the available evidence comes from studies of experimental
animals, it appears that ultraviolet radiation suppresses components of both local
and systemic immune functioning. An increase in ultraviolet radiation exposure
therefore may increase the occurrence and severity of infectious diseases and, in
contrast, reduce the incidence and severity of various autoimmune disorders. The
damping down of the T lymphocyte (helper cell type 1), or “TH1”, component of
the immune system may alleviate diseases such as multiple sclerosis, rheuma-
toid arthritis and insulin-dependent (Type 1) diabetes. Undifferentiated TH0 cells
are immunologically primed to develop into either TH1 or TH2 cells; in animals
these two groups are thought to be mutually antagonistic (61). Thus UVR 
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exposure theoretically could worsen TH2-mediated disease by suppressing TH1 cell
function (62), however, more recent work has shed some doubt on this notion.
In mice UVR exposure is associated with decreased systemic TH2 as well as TH1
immune responses (63). UVR leads to increased secretion of the cytokine, inter-
leukin (IL)-10 (64) appears to suppress TH1 and TH2 cytokine responses to exter-
nal antigens (65). Much remains unknown. Partly in response to questions about
the biological impacts of stratospheric ozone depletion, among scientists there is
new interest in assessing the influence of ultraviolet radiation upon immune
system function, vitamin D metabolism (see Box 8.2) and the consequences for
human disease risks.

Recent research suggests that UVR exposure can weaken TH1-mediated
immune responses through several mechanisms:

• UVR can cause local epidermal immunosuppression and a reduction in
contact hypersensitivity (CH) and delayed type hypersensitivity (DTH) (62);

• UVR acts to convert urocanic acid (UCA) from the trans-UCA form to its
isomer, the cis-UCA form, within the stratum corneum (64). This process
induces changes in epidermal cytokine profiles from a wide range of cell
types. UVR-induced DNA damage also alters cytokine profiles, leading to
immunosuppression (64). Liposome therapy with a DNA repair enzyme can
prevent UVR-induced cytokine alterations such as the upregulation of IL-
10 (66). Importantly, subepidermal cytokine signalling alterations also can
induce soluble products that can exert systemic immunosuppression (61);

• sunlight suppresses secretion of the hormone melatonin. Activation of mela-
tonin receptors on T helper cells appears to enhance T lymphocyte priming
and the release of TH1 type cytokines such as interferon gamma (67);

• a role for UVR in promoting the secretion of melanocyte stimulating
hormone (MSH), which may suppress TH1 cell activity, also has been pro-
posed (68);

• the active form of vitamin D (1,25(OH)2D3), derived from UVR-supported
biosynthesis has well-documented immunomodulatory effects. Peripheral
monocytes and activated T helper cells have vitamin D receptors, vitamin
D or its analogues can down-regulate T helper cell activity (69).

Overall, these findings indicate that UVR suppresses TH1-mediated immune 
activity. It is important to note that part of this effect occurs independently of
vitamin D.

Possible effect on human infectious disease patterns
Higher UVR exposure could suppress the immune responses to infection of the
human host (70). The total UVR dose required for immune suppression is likely
to be less than that required for skin cancer induction but direct human data are
not available. In animals, high UVR exposure has been shown to decrease host
resistance to viruses such as influenza and cytomegalovirus, parasites such as
malaria and other infections such as Listeria monocytogenes and Trichinella spiralis
(71). However, significant inter-species variation in UVR-induced immune sup-
pression and other differences in host response to infection limit direct extrapo-
lation of these findings to humans.

Recently, data from these animal studies have been used to develop a model
to predict the possible changes in infection patterns in humans due to increased
UVR resulting from stratosphere ozone depletion (72). Importantly, the model
did account for likely inter-species variation in susceptibility to UVR-induced
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immunosuppression. The theoretical model demonstrated that outdoor UVB
exposure levels could affect the cellular immune response to the bacteria Liste-
ria monocytogenes in humans. Using a worst-case scenario (sun-sensitive individ-
uals with no UVR adaptation), ninety minutes of noontime solar exposure in
mid-summer at 40°N was predicted to lead to a 50% suppression of human host
lymphocyte responses against Listeria monocytogenes. A 5% decrease in ozone layer
thickness might shorten this exposure time by about 2.5% (72) (Table 8.2).

Human epidemiological studies are required to confirm the findings from lab-
oratory or animal studies. They also are needed to provide clearer risk assess-
ments of the adverse immunosuppressive effect of increased UVR exposure. Such
studies also should consider the role of vitamin D in host resistance to infection.

Personal UVR exposure in humans has been demonstrated to increase the
number and severity of orolabial herpes simplex lesions (i.e. around the mouth).
Recent questions have been raised about the potential adverse consequences of
UVR-induced immunosuppression for HIV-infected individuals. A 1999 review
concluded that despite experimental evidence in laboratory animal studies
demonstrating HIV viral activation following UV radiation, there were no data
in humans that consistently showed clinically significant immunosuppression in
HIV-positive patients receiving UVB or PUVA therapy (73). A small follow-up
study of HIV-positive individuals failed to detect any association between sun
exposure and HIV disease progression. However, the review concluded that larger
follow-up studies were required to assess fully this important issue (73).

Increased UVR exposure: a possible effect to reduce vaccine efficacy?
There has been concern that increased exposure to UVR due to stratospheric
ozone depletion could hamper the effectiveness of vaccines, particularly BCG,
measles and hepatitis (70). BCG vaccine efficacy has a latitudinal gradient with
reduced efficacy at lower latitudes. Seasonal differences in vaccine efficacy have
been observed for hepatitis B (74). While this ecological observation may reflect
other latitude-related factors, it is also consistent with UVB depressing an effec-
tive host response to intradermally administered vaccines (75).
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TABLE 8.2 Predicted effects of stratospheric ozone decreases on the
biologically effective ultraviolet irradiance, and hence, on suppression of the
specific cellular immune responses to Listeria bacteria (local noon, clear skies,
southern Europe).

Latitude Decrease in Ozone Biologically Increase RAFimm Calculated time
(month) ozone (%) (dobson Effective in BEimm (min) for 50%

units) irradiance % immunosuppressiona

(W/m2)

40°N 0 335.6 0.073 0.0 — 350
January 5 318.8 0.075 3.0 0.60 340

10 302.0 0.078 6.3 0.63 327
20 268.5 0.083 13.5 0.68 307

40°N 0 307.9 0.278 0.0 — 92
July 5 292.5 0.285 2.5 0.50 90

10 277.1 0.292 5.3 0.53 87
20 246.3 0.310 11.5 0.58 82

Abbreviations: BEIimm, biological effective irradiance for immunosupression: RAFimm, radiation amplification factor
for immunosupression.

a Lymphocyte proliferation in response to Listeria bacteria.
Source: adapted from reference 72.



In animal studies, pre-exposure to UVB prior to intradermal vaccination with
Mycobacterium bovis (BCG) impairs the DTH immune response of the host animal
to mycobacterial antigens (62). Local UV irradiation of the skin prior to, and 
following, inoculation decreases the granulomatous reaction to lepromin in 
sensitised individuals (76). Overall these studies indicate that a potential health
effect of increased UV exposure could be reduced vaccine efficacy particularly for
vaccines that require host immune responses to intradermally administered 
antigens.

Non-Hodgkin’s Lymphoma
The incidence of Non-Hodgkin’s Lymphoma (NHL) has increased greatly world-
wide in recent decades. The reasons for this increase are not known but high
personal UVR exposure has been suggested as a possible contributary factor, for
the following reasons:

• NHL incidence in England and Wales is positively associated with higher
solar UV radiation by region (77);

• patients with NHL also have been noted to have an increased likelihood of
non-melanoma skin cancer;

• chronic immunosuppression is an established risk factor for NHL and, as
discussed, UVR has immunosuppressive effects on humans.
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BOX 8.2 The beneficial role of UVR for Vitamin D synthesis 
in humans

The active metabolite of Vitamin D (1,25(OH)2 D3) is a human hormone with an impor-
tant role in calcium and phosphorous regulation in humans. It also has other impor-
tant roles. In 1822, the link between sunlight deprivation and the bone disease rickets
was postulated.This link was confirmed in the early 1900s by experiments that showed
that sunlight exposure could cure rickets. More recently, vitamin D has been shown
to have an important role in the immune system and also may be important in the
growth of neural tissue during early life. Furthermore, vitamin D receptors (VDR)
have now been located in a variety of cells (e.g. brain, breast and pancreas).

Sunlight exposure is the primary determinant of vitamin D levels in terrestrial verte-
brates, including humans. UVB rays enter the epidermis and release energy that
changes a pre-existing cholesterol metabolite to previtamin D and its isomer chole-
calciferol. Cholecalciferol (25(OH)D) is carried in the blood stream to the liver and
then kidney, where, after a series of biological reactions, the active vitamin D hormone
(1,25(OH)D3) is formed. Circulating serum 25(OH)D concentration provides an inte-
grated assessment of vitamin D intake and stores (79).

The exact dose of UVR exposure for optimal vitamin D levels is not known particu-
larly as the required UVR dose will be influenced by host factors such as skin pig-
mentation, vitamin D receptor gene allelic status and dietary vitamin D intake. Whole
body exposure in a bathing suit to one minimum erythemal dose of UVR is equiva-
lent to ingesting 10000 international units of vitamin D. It is important to note that
while excessive dietary vitamin D can lead to vitamin D toxicity, excessive UVR expo-
sure cannot lead to vitamin D toxicity.

Source: adapted from references 80 and 81



A causal link has not been established (78). Nevertheless, NHL is a disease that
should be monitored closely because of its possible increase with any future
increases in UVR.

Is UVR exposure beneficial for some autoimmune diseases?
Recent developments in photoimmunology and epidemiology suggest that UVR
may have a beneficial role in autoimmune diseases such as multiple sclerosis
(MS), type 1 diabetes mellitus (IDDM) and rheumatoid arthritis (RA). Each of
these autoimmune diseases is characterized by a breakdown in immunological
self-tolerance that may be initiated by an inducing agent such as an infectious
micro-organism or a foreign antigen (82). A cross-reactive auto-immune
response occurs and a “self-molecule” is no longer self-tolerated by the immune
system. At this stage, the host tissue becomes immunogenic, attracting a T helper
cell type 1 (TH1) mediated immune response resulting in chronic inflammation
(82). That is, the TH1 lymphocytes no longer recognise the host tissue as such
and instead try to eliminate the host tissue by inflammation.

The well-established gradient of MS increasing with increasing latitude may
reflect differential UV-induced immune suppression of autoimmune activity. That
is, at lower latitudes where MS prevalence is lower high levels of UVR exposure
may dampen down the immune over-activity that occurs in MS. In particular,
the autoimmune profile of MS is characterized by disturbances of those T cell-
related activities specifically affected by UVB (83). A strong inverse association
between UVR exposure and MS has been shown. In Australia the negative cor-
relation between regional UVR and MS prevalence is higher than the magnitude
observed for the positive correlation between regional UVR and malignant
melanoma (84).

A recent case-control study found that compared to indoor workers living in
a low sunlight region, the odds ratios for an outdoor worker dying from MS in
low, medium and high residence sunlight were, respectively, 0.89 (with 95%
confidence intervals of 0.64 to 1.22), 0.52 (0.38, 0.71) and 0.24 (0.15, 0.38) (85).
Thus high residential and occupational solar exposure (in combination) were
associated with a reduced likelihood of MS. UVR may affect not only the devel-
opment of MS but also its clinical course. An ecological study recently has shown
a striking inverse correlation between serum 25(OH) D, a metabolite of vitamin
D, and high MS lesion activity (86).

For type 1 diabetes, a disease resulting from T cell-mediated inflammation with
destruction of pancreatic tissue, the epidemiological evidence also suggests a pos-
sible beneficial role for UVR. An increasing disease prevalence gradient with
increasing latitude has been noted. In a Finnish birth cohort study, vitamin D
supplementation in infancy was inversely associated with subsequent type 1 dia-
betes (relative risk 0.22 {0.05, 0.89}) (87). Vitamin D receptor gene allelic status
has been found to relate to MS and type 1 diabetes in some populations (88).
For rheumatoid arthritis, dietary supplementation with vitamin D has been
related to lower levels of disease activity (89).

Overall, the epidemiological features of these three autoimmune diseases are
consistent with a protective effect for high personal UVR exposure. However, the
data are not conclusive and further research work is required.

UVR and other diseases with immune dysfunction
Although the three diseases above are characterized by TH1 cell over-activity,
other immune diseases may be characterized by TH2 cell over-activity or a mixed
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T cell over-activity pattern. Systemic lupus erythematosus (SLE) is characterized
by a mixed TH2/TH1 disturbance. It has been postulated that the immune dys-
function in SLE begins under the skin where UV-induced keratinocytes produce
antigens that are recognized by the body to be foreign (90). UVR plays a major role
in the induction of lesions of patients with the cutaneous form of lupus disease
and photo-aggravation of systemic disease may occur in systemic SLE (91).

Atopic eczema, a disease of immune disturbance that includes TH2 over-
activity, appears to be inversely related to UVR. Strong latitudinal gradients for
increasing eczema with increasing latitude have been reported in the Northern
Hemisphere (92). In a clinical trial, narrow-band UVB therapy significantly
improved allergic eczema (93). Thus, high UVB exposure appears to have a ben-
eficial effect on the immune disorder of atopic eczema even though this disease
is not characterized by a purely TH1 immune over-activity pattern.

Other diseases that could be exacerbated by decreased UVR exposure,
particularly if dietary vitamin D sources were inadequate
Although a detailed discussion is beyond the scope of this chapter, it should be
noted that inadequate UVR exposure in the absence of adequate dietary D
sources, could lead to vitamin D deficiency. This would increase the likelihood
of rickets, osteomalacia, osteoporosis, muscle pain and possibly hypertension (94)
or ischaemic heart disease (95). Certain cancers (e.g. prostate and breast) have
been linked to vitamin D deficiency, although not conclusively (80). Vitamin D
deficiency may increase tuberculosis (TB) risk (96). Evidence suggests that the
explanation for this may reflect the immunological modulation caused by
vitamin D. Vitamin D activates one group of white blood cells, the monocytes,
thereby increasing their capacity to resist cell infection by the mycobacterium
(96). Further, a recent case-control study showed that the combination of vitamin
D deficiency and the “high-risk” allele of the vitamin D receptor gene was
strongly associated with the occurrence of TB (97).

During pregnancy, inadequate maternal UVR exposure in the absence of ade-
quate dietary vitamin D sources will lead to low foetal exposure to vitamin D.
As vitamin D appears to be important in neural growth this could influence the
developing brain of the foetus. In fact, this has been proposed as an explanation
for the finding that winter-born babies appear at increased risk of schizophrenia
(98). Furthermore, inadequate UVR exposure usually is associated with reduced
visible light and a reduction in photoperiod. This will alter melatonin levels, a
hormone important in maintaining the rhythm of wake/sleep patterns. Changes
in photoperiod also have been related to seasonal affective disorder (99).
Although not well understood, the relationship between solar radiation and
mood is important to consider (100).

Public health message re UVR exposure

Encouraging total sun avoidance (with the related notion of solar radiation as a
“toxic” exposure) is a simplistic response to the hazards of increased ground level
UVR exposure due to stratospheric ozone depletion, and should be avoided. Any
public health messages concerned with personal UVR exposure should consider
the benefits as well as the adverse effects. The notion that UVR is inherently an
adverse exposure to be maximally avoided cannot fully be reconciled with evo-
lutionary heritage. It is a reasonable presumption that levels of skin pigmenta-
tion in regional populations originally evolved over many millennia to optimise
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the amount of UVR absorbed by the skin in order to balance biological benefits
and risks. The possible benefits and adverse effects of UVR exposure on human
health therefore should be assessed concurrently (100).

Many modern infants and young children already receive less solar radiation
than children several decades ago. This reflects an increase in indoor living and
medical recommendations promoting sun avoidance advice (100). A growing
recognition of low winter 25(OH) D levels, particularly among children of Asian
origin residing in the United Kingdom, has led to the current United Kingdom
recommendation that all pregnant women and children up to age five should
have a vitamin D supplement, unless solar and dietary sources are adequate
(101). Clear guidelines on the optimal age-appropriate solar radiation dose are
not yet available (101) and are difficult to formulate because the recommended
level of appropriate solar radiation depends on host factors as described above.
However, the lack of clear recommendations could lead to inappropriate personal
solar exposure. For example, a recent case report of severe rickets in a Caucasian
child residing in Toronto, Canada, highlighted the possible adverse effects of 
inadequate UVR exposure in childhood (102). The child went outdoors in
summer but was always covered by potent sunscreen. The child’s rickets 
subsequently responded well to dietary vitamin D. This case highlights the impor-
tance of considering UVR as an exposure that requires titration rather than
avoidance.

Although measured UVR exposures are proportional to ambient UVR for
similar population groups, there is a wide variation in inter-personal UVR expo-
sure within each of these groups. Some individuals may have only one-tenth of
the population average for UVR exposure, others may have an individual UVR
exposure of ten times the average (12). The factors affecting this large inter-
individual variation are not well understood. In addition to the difficulty in 
quantifying both UVR exposure and inter-individual variation in susceptibility to
UVR, this large variation in sun exposure behaviour makes difficult the correct
titration of UVR at a population level.

To negate the adverse effects of increased UVR exposure due to ozone deple-
tion, an alternative response to that of careful titration of sun exposure dose is,
in theory, to recommend total sun avoidance and large-scale vitamin D supple-
mentation. However this approach:

• runs the possible risk of hypervitaminosis D with resultant hypercalcaemia,
a documented cause of infant mortality 40 years ago;

• neglects the possible benefits of UVR exposure than are not mediated via
vitamin D;

• neglects that other beneficial factors such as visible light exposure are cor-
related with UVR exposure.

Conclusions

The occurrence of stratospheric ozone depletion over the past quarter-century,
and its anticipated continuation for at least the next several decades, has focused
attention on questions about the impact of UVR on human biology and disease
risks. This has coincided with a growth of knowledge about some of the basic
biological pathways via which UVR affects human biology. In particular, it is
evident that a change in levels of UVR exposure will affect the incidence of skin
cancer, and is likely to affect the incidence of several ocular disorders, including
cataract, and various immune-related diseases and disorders.
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Uncertainties remain about the extent to which the loss of stratospheric ozone
to date has resulted in increases in ground-level UVR. Environmental monitor-
ing systems often have been unstandardized, non-spectral, and suboptimally
located. Climate-related changes in cloud cover appear to have compounded the
relationship between ozone depletion and ground-level UVR.

The majority of the known health consequences of increased UVR exposure
are detrimental. However, UVR exposure also has some beneficial effects. There-
fore, while excessive solar exposure should be avoided—the more so during the
current and foreseeable period of stratospheric depletion—so should excessive
sun avoidance. Future public health advice about solar exposure should take
account of the changing ambient UVR environment and the available knowledge
about the health risks and benefits of UVR exposure.
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Introduction

Previous chapters have shown that climate change represents a serious envi-
ronmental threat over the coming century. The public health community has a
responsibility to provide policy-makers with evidence of the potential impacts of
climate change on human population health. Policy-makers are obliged to
respond to this risk even in the face of scientific uncertainties. The public health
community has established methods for assessing the risks to health for a pop-
ulation. WHO defines health impact assessment as “a combination of procedures,
methods and tools by which a policy, project or hazard may be judged as to its
potential effects on the health of a population, and the distribution of those
effects within the population” (1, 2). Despite recent advances in the methodol-
ogy for health impact assessment, the greater goal of integration into mainstream
policy-making has yet to be achieved. This objective is a long way off in both
developed and developing countries.

Global climate change presents many unique problems for health impact
assessment. It is a highly diffuse global exposure for which very limited infor-
mation (in the form of climate projections) is available at local or national level.
For many health impacts this is not an immediate problem but one that will
develop over decades or longer. Action is needed now to avert the worst impacts
through the reduction of greenhouse gas emissions. Further, guidance is required
now on policies to enhance the capacity to deal with climate change (chapter
12). Health impact assessments typically refer to impacts in the next 10 to 20
years, rather than the 50 to 100 year time-scale of climate change projections
and the assessments of impacts in other sectors.

Global assessments have been undertaken by the Intergovernmental Panel on
Climate Change (IPCC) in the Second and Third Assessment Reports (3, 4). Such
global assessments make general statements about the types of impacts that
climate change may have upon human health outcomes. In theory, national
assessments should provide the global assessments with important information
about regional and local vulnerability. In practice, this has proved difficult to
achieve for a variety of reasons that will be discussed below. Assessments should
be country driven and reflect local environmental and health priorities. Where
sufficient resources have been available, there has been a preference to include
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some quantification of health impacts in future decades. However many assess-
ments rely on a qualitative assessment of the available literature.

Several agencies have produced guidelines on assessing the impacts of climate
change (5, 6). These are seen as inadequate for addressing impacts in social
systems and outcomes such as human health that are more complex and context-
specific. Health impact assessments must use the best available scientific evidence
to inform policy decisions. In 1999 the European Ministerial Conference on Envi-
ronment and Health recommended countries to:

• develop capacities to undertake national health impact assessments with
the aim of identifying the vulnerability of populations and subgroups.
Ensure the necessary transfer of know-how among countries;

• carry out ongoing reviews of the social, economic and technical prevention,
mitigation and adaptation options available to reduce the adverse impacts
of climate change and stratospheric ozone depletion on human health.

This chapter reviews national assessments that have addressed climate change
impacts on human population health in some detail, with particular reference
to:

• methods and tools used
• main findings
• integration with other climate assessments (in non-health sectors and other

geographical regions)
• assessments of adaptation (what is likely and what is recommended).

Health impact assessments: key concepts and methods

Health impact assessments (HIA) are undertaken for a variety of purposes and
under a variety of circumstances. The purpose of the health impact assessment
will therefore determine its scope, form and content. Health impact assessments
are multi-disciplinary by necessity and bring together a range of methods and
tools: policy appraisal, evidence-based risk assessment and environmental impact
assessment (7). The common elements of health impact assessments include:

• integrated assessment of impacts, i.e. not concentrating on single risk factors
and disease outcomes (a holistic view of health);

• relate to policies and projects outside the health sector;
• multidisciplinary process;
• provide information for decision-makers, therefore designed with needs of

decision-makers in mind;
• quantification of the expected health burden due to an environmental

exposure in a specific population.

There is growing consensus that systematic assessments of health effects are
needed to inform the development of policies and to include health in the
agendas of other sectors—such as water, food, housing, trade, etc. Legislation and
legally binding agreements at the international level now make provision for HIA
in policy-making. Anthropogenic climate change as an exposure is different to
other types of hazard and new methods and tools need to be developed.

Bernard and Ebi (8) identify a critical distinction between climate change
impact assessment and traditional environmental health quantitative risk assess-
ment (QRA). The primary assumptions underlying QRA are no longer applica-
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ble. Climate change is not a defined exposure to a specific agent (the pollutant)
that causes an adverse health outcome to identifiable exposed populations.
Climate change is associated with a range of climate and weather exposures that
are mediated in complex fashion through a range of mechanisms. The challenges
that this poses for scientific assessment are described in detail in chapter four. 
If the impacts of climate change are to be measured quantitatively, then existing
population-based methodologies such as Comparative Risk Assessment (CRA)
have to be adapted and applied in a flexible manner, with appropriate descrip-
tion of uncertainties (see chapter seven).

Health impact assessment often is part of a wider prospective environmental
impact assessment of a specific project or development (mezzosocial focus) for
which specific tools are available. Climate change assessments operate at the
macrosocial level because the impacts on an entire population (country or
region) are considered. This would be similar to the evaluation of a particular
policy, e.g. energy policy. Such assessments should include reports of current
health status using standard epidemiological indicators, e.g. mortality rates, etc.
Health impact assessment of government policy has been implemented in Canada
(7). The methods used a framework of questions to guide decision-makers in
considering factors that influence population health for the following key areas:
employment and economy; education and skills; environment and safety; pro-
grammes and services. Other examples of broad policy related assessments are
the quantification of the health impacts of traffic related air pollution in three
European countries (9), and the estimation of health costs for different fuel
cycles—such as coal, nuclear (ExternE project (10)).

Methods for climate-change impact assessments

Approaches to climate impact assessment have evolved rapidly since climate
change became a policy concern in the 1980s. Methods and tools have been
developed primarily for climate assessments for biophysical impacts for either
economic (agriculture, forestry) or intrinsic value (biodiversity). Impact assess-
ment in social systems has addressed the impact of weather disasters and the
implications for the insurance industry. The IPCC has produced methodological
guidelines in order to ensure standardization in methods across sectors and dis-
ciplines (5, 6, 11), but these have limited use for assessing impacts in socioeco-
nomic or human systems. The IPCC guidelines focus on impacts rather than
adaptive measures (or adaptive capacity) as adaptive responses vary greatly
between countries and are less easily described in terms of generic methods (12).

Figure 9.1 illustrates the framework first described in the IPCC guidelines (5)
and expanded upon by Parry and Carter (6). The methodological approach is
rigidly top down. That is, scenarios of climate change (generated by global climate
models) are used as input to large-scale biophysical models. Current methods
now incorporate future projections of populations and GDP together with story-
lines regarding the future worlds in which the impacts of climate change will be
experienced (11, 13).

The first specific guidelines for health appeared in the UNEP Handbook on
Methods for Climate Change Impact Assessment and Adaptation Strategies (14).
The aim of the UNEP country studies programme was to improve the methods
for assessing climate change impacts in developing countries or countries with
economies in transition. One of the stated aims was to test the methods described
in the Handbook on Methods for Climate Change Impact and Adaptation 
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Assessment. The UNEP country studies programme ended in 2000 with com-
pleted studies on four countries: Antigua and Barbuda, Cameroon, Estonia and
Pakistan (15). Only the Cameroon and Antigua and Barbuda studies addressed
health. Several problems were found with the guidelines: in particular, the 100-
year time frame for climate change projections had little practical relevance.
Further, the methods described in the Handbook were found to rely too much
on health (and other) data that were not available in either Cameroon or Antigua
and Barbuda. The lack of data with which to generate and validate the climate-
health models is cited often as a significant limitation. However, even if such data
are available, the development and interpretation of such models creates many
difficulties.

There are limitations with the scenario driven predictive modelling approach
to assessing health impacts at the national level. A major problem is the mis-
match between the spatial and temporal scale of environmental factors that affect
health (local concentrations of air pollutants, focal vector distributions) and the
scenarios of future climate change (global climate model grid boxes). Given the
limits of climate scenarios (16), it may be appropriate to use analogue scenarios
of changes in temperature and precipitation that can provide important infor-
mation regarding the relative contribution of climate and non-climate factors to
the burden of disease.

Health impact assessments include an evaluation of the epidemiological evi-
dence base for the causal relationships on which to base future projections. Some
discussion is necessary of the current knowledge of the local relationships
between climate variability and disease, with particular attention to the plausi-
ble mechanisms by which climate/weather affect health; such relationships are
generally population specific. If such information is not available in the published
literature, this type of analysis could be part of the assessment.

For the United States of America’s health impact assessment, the target ques-
tions were widened to address current vulnerability to climate-sensitive diseases
and weather extremes:
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• what are current environmental stresses and issues for the United States
that will form a backdrop for potential additional impacts of climate change?

• how might climate variability and change exacerbate or ameliorate exist-
ing problems?

• what are the priority research and information needs that can better
prepare policy-makers to reach wise decisions related to climate variability
and change?

• what research is the most important over the short-term? Over the long term?
• what coping options exist that can build resilience into current environ-

mental stresses, and also possibly lessen the impacts of climate change?

The United States’ assessment was able to make use of a considerable amount of
published literature on health relationships. Other countries, particularly devel-
oping countries, are unlikely to have the background information available.
Assessments have thus used a variety of methods to estimate future impacts on
health. These are discussed in more detail below.

Review of national health assessments

This chapter reviews national assessments on the potential health impacts of
climate change that were published before mid 2002. There is some difficulty in
defining what constitutes a national impact assessment. Many countries have
addressed health impacts in their national communications to the United Nations
Framework Convention on Climate Change (UNFCCC), however, few of these
constitute a formal impact assessment. Our criteria for including a report are:

• assessment at national level or below (excluded international assessments
such as IPCC reports)

• undertaken for the Ministry of Health or Environment, i.e. central or
regional government

• explicitly addresses global climate change and human health
• involves some formal methods of assessment, e.g. systematic literature

review or modelling.

Table 9.1 lists the national assessments, the majority from developed countries,
which fit these criteria. A few large studies have been undertaken as part of a
comprehensive, multi-sectoral assessment, such as in the United States and
Canada. In contrast, European countries have conducted few assessments: only
the United Kingdom and Portugal have conducted comprehensive assessments.
Assessments in developing countries have been undertaken only under the aus-
pices of donor-funded capacity building initiatives. It is possible that sub-national
or local assessments have been undertaken for climate change impacts that
address health but the authors have been unable to find them. The majority of
these studies are in the grey literature and not widely available.

Several types of assessments have been undertaken. At one level there is a
basic review of the types of potential impacts with little evaluation of evidence
that they are likely to occur. Such assessments can be undertaken with few
resources but provide very limited information. At another level, comprehensive
well-funded and well-supported assessments are undertaken. For example, in
the United States assessment, health was one of 5 sectoral assessments, and
included in 16 regional assessments and the overall synthesis report. This assess-
ment involved stakeholder participation and extensive consultation and peer
review (8).
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The assessments do not consistently report their conclusions regarding future
risks to health. The outcomes listed in Table 9.1 refer to likely impacts of climate
change on that country’s health addressed within the report. In general, the con-
fidence or uncertainty surrounding these estimates is not described. It can be
seen that vector-borne diseases, particularly malaria, are consistently addressed.
Other impacts that may have greater effects, such as weather disasters, are less
well addressed.

It is important to distinguish between the process of conducting the assess-
ment and the product. HIA is a policy tool therefore the process of conducting
assessments, particularly the involvement of stakeholders, is very important. Yet
information on the process aspects of these assessments is not widely available,
and is not reviewed here. Stakeholder participation and evaluation are essential
activities for a policy-orientated assessment process, discussed in chapter ten and
elsewhere (37).

Developed countries

The most important environmental health problem in developed countries is
generally considered to be outdoor air pollution. For these countries, the focus
of impacts of climate change was also the potential increase in heat stress and
heatwaves. There was relatively little discussion of weather disasters except for
the United Kingdom (33). The risk of vector-borne disease was considered impor-
tant even if the diseases were not currently present in that particular country.
The effect of climate and weather on food and water-borne diseases was also
addressed, perhaps without sufficient attention.

The United States study involved a comprehensive review of the epidemio-
logical literature for a number of climate sensitive diseases and exposures. An
expert panel was formed, their conclusions summarised in Table 9.2. The assess-
ment was well disseminated and summary documents for the health specific
chapters were published as a special issue of a health journal (8, 35). The United
States assessment health chapter team took the decision not to use modelling to
quantify future estimates. It was decided that the primary objective was to
produce a consensus document to serve as a foundation for future quantitative
assessments. In contrast, the United Kingdom assessment was focussed totally on
delivering quantitative results for the following outcomes (33) for three time
periods and four climate scenarios:

• heat and cold related deaths and hospital admissions
• cases of food poisoning
• changes in distribution of Plasmodium falciparum malaria (global) and tick-borne

encephalitis (Europe), and seasonal transmission of P. vivax malaria (UK)
• cases of skin cancer due to stratospheric ozone depletion.

The large uncertainty surrounding these estimates was acknowledged, the main
source of uncertainty being the United Kingdom’s capacity to control these dis-
eases in the future. For example, cases of salmonella and levels of air pollutants
are generally declining, therefore the climate-change attributable effects will
decline also. The main conclusions of the report were the impact of increases in
river and coastal flooding, and severe winter gales. This report also clearly
addressed the balance between the potential benefits and adverse impacts of
climate change: the potential decline in winter deaths due to milder winters is
much larger than the potential increase in heat-related deaths. Climate change
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also is anticipated to lead to a decline in air pollution-related illnesses and deaths,
except for those associated with tropospheric ozone.

The Portuguese national assessment made several methodological advances
(29). The following approach was used:

• assessment of current health status in Portugal
• identification of populations most vulnerable to climate change
• identification of mechanisms by which projected climate changes may affect

health
• assessment of strategies that may reduce potential impacts on health
• identification of knowledge gaps.

The main findings of the Portuguese assessment were that climate change would
lead to:

• an increase in heat-related deaths in Lisbon (cold related deaths were not
addressed) even with full acclimatization;

• decline in meteorological conditions suitable for high nitrogen dioxide
levels in Lisbon, but an increase in conditions suitable for high ozone levels;
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TABLE 9.2 Summary of the health sector assessment for the United States. Source: reproduced
from reference (35).

Potential health Weather factors of Direction of Priority research areas
impacts interesta possible change

in health impact

Heat-related extreme heat and ≠ Improved prediction, warning and response
illnesses and stagnant air masses Urban design and energy systems
deaths Exposure assessment

extreme cold Weather relationship to influenza and other causes 
Winter deaths snow ice Ø of winter mortality

Extreme weather precipitation ≠ Improved prediction, warning and response
events-related variability (heavy Improved surveillance
health effects rainfall events)b Investigation of past impacts and effectiveness of 
storms warnings

Air pollution- temperature ≠ Relationships between weather and air pollution
related health stagnant air masses concentrations
effects Combined effects of temperature/humidity on air 

pollution
Effect of weather on vegetative emissions and 

allergens (e.g., pollen)

Water- and food- precipitation ≠ Improved monitoring effects of weather/environment
borne diseases estuary water on marine-related diseases

temperatures Land use impacts on water quality (watershed 
protection)

Enhanced monitoring/mapping of fate and transport
of contaminants

Vector- and temperature Rapid diagnostic tests
rodent-borne precipitation ↕ Improved surveillance
diseases variability Climate-related disease transmission dynamic 

relative humidity studies

a Based on projections provided by the National Assessment Synthesis Team. Other scenarios might yield different changes.
b Projected change in frequency of hurricanes and tornadoes is unknown.



• increased transmission of water and food-borne diseases due to higher tem-
peratures (not quantified);

• increase in number of days per year suitable for malaria (P. falciparum and
P. vivax), West Nile virus fever, and dengue transmission (based on tem-
perature threshold model). However, the actual (rather than potential) risk
of transmission was either low or none using a qualitative risk assessment
method (Table 9.3);

• actual risk of increases in leishmaniasis and Mediterranean spotted fever
were assessed to be medium to high;

• increased risk of leptospirosis transmission due to increased flooding.
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TABLE 9.3a Scenarios used in vector borne disease assessment.

Assuming current knowledge of Assuming the introduction of a small
vector and parasite prevalence in population of parasite infected vectors into
Portugal Portugal.

Current climate Scenario 1 Scenario 2
Climate change (2x CO2) Scenario 3 Scenario 4

TABLE 9.3b Potential risk of mosquito borne diseases in Portugal (Casimiro and Calheiros,
2002) (29).

Disease Scenario Suitable Vector Parasite Risk Level

Vivax malaria 1 Widespread distribution Imported cases only Very low
2 Focal distribution (new vector) Low -> high prevalence Low
3 Widespread distribution Imported cases only Very low
4 Focal -> potentially regional High focal prevalence -> high Low-Medium

distribution (new vector) prevalence regional distribution

Falciparum malaria 1 None present Imported cases only None
2 Focal distribution Low -> high prevalence Low
3 None present Imported cases only None
4 Focal v potentially regional High focal prevalence -> high Low-medium

distribution prevalence regional distribution

Dengue 1 None present Imported cases only None
2 Focal distribution Low -> high prevalence Low
3 None present Imported cases only None
4 Focal -> potentially regional High focal prevalence -> high Low-medium

distribution prevalence regional distribution.

Yellow Fever 1 Widespread distribution Imported cases only Very low—None
2 Focal distribution (new vector) Low -> high prevalence, focally Low

distributed
3 Widespread distribution Imported cases only Very low
4 Focal -> potentially regional Low prevalence, widespread Low medium

distribution (new vector) distribution

West Nile fever 1 Widespread distribution Low prevalence, focally Low
distributed

2 Focal distribution (new vector) Low -> high prevalence, focally Low
distributed

3 Widespread distribution Low -> high prevalence, Low medium
regionally distributed

4 Focal distribution (new vector) Low -> high prevalence, focally Low
distributed



Developed country assessments were more likely to identify research gaps and
include an adaptation assessment. In all cases the adaptation assessment referred
to planned measures or strategies (see Table 9.2).

Developing countries

Assessments of adaptation (i.e. responses to the impacts of climate change) are
linked to the development status of developing countries and those with
economies in transition. Several initiatives have supported assessments in devel-
oping countries. The following programmes have provided financial and techni-
cal support, with a main focus on capacity building within the scientific and
stakeholder communities:

• United States Country Studies Programme managed by USEPA (38)
• Country Studies Programme managed by UNEP, funded through Global 

Environment Facility (GEF) (15)
• Dutch Country Studies Programme
• Pacific Islands Climate Change Assistance Programme (PICCAP).

The Cameroon UNEP Country Study was restricted to looking at the impacts in
only two regions: the coastal zone, the most densely populated area; and the
Sudano-Sahelian zone, the poorest region in Cameroon (20). The burden of
infectious diseases is high in this latter region (cholera, yellow fever, malaria).
Water projects constructed for climate change response could increase malaria in
dry regions, despite less rain being projected. Modelled projections for malaria
and schistosomiasis were undertaken. Increased drought may lead to extension
of the meningococcal meningitis season although there is little epidemiological
literature to support this conclusion. Cholera is associated with flooding in the
lowlands and therefore any increased flooding associated with climate change
was anticipated to lead to an increase in cholera. Although Cameroon has an
early warning system for cholera and meningitis epidemics, it was acknowledged
as not fully operational due to lack of trained personnel. Major constraints in the
health sector were identified as insufficient amounts of human, material and
financial resources.

The United States country studies programme supported climate change
studies in 49 developing countries and those with economies in transition,
enabling these countries to develop emissions inventories, assess vulnera-
bilities to climate change, and evaluate response strategies for mitigation 
and adaptation. Zambia and Sri Lanka completed health assessments under this
programme. Zambia qualitatively addressed the implications of climate change
for infectious diseases such as malaria, schistosomiasis, cholera, dysentery,
bubonic plague, and malnutrition (36). No modelling was undertaken and the
assessment was limited by the lack of health data (38). Based on expert judge-
ment, the study found that existing environmental health problems (due to envi-
ronmental degradation) are likely to be exacerbated by climate change. Sri Lanka
also studied the potential effects of climate change on malaria and concluded that
this could become prevalent in areas that are currently clear. The effect of
changes in population, income or quality of health care in these countries was
not assessed.

The general conclusion from the developing country studies is that new inno-
vative methods are needed, given the lack of data. It was also suggested that basic
indicators of vulnerability be developed. The United States country studies pro-
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gramme recognised that some of the methods proposed were not applicable to
developing country situations.

Small island developing states

Small Island Developing States (SIDS) have more incentive than most to under-
take vulnerability and adaptation assessments. The effects of climate change in
the Caribbean will be felt through increasingly severe tropical storms and likely
increases in the severity and frequency of low rainfall events and droughts in all
areas (39). The UNEP country study report for Antigua and Barbuda found
droughts and hurricanes to be of particular concern. The methods described in
the UNEP handbook were followed. However, only one vector-borne disease was
considered (dengue) because this disease is currently present on the islands. 
A dengue model (40) was used to assess changes in the seasonal pattern of epi-
demic potential (EP). An assessment of the local relationship between dengue
and climate, using local records on the Infestation Index (an index of dengue
risk), was inconclusive. Antigua’s assessment was very useful as it provided a
comprehensive assessment of the current health system and its adaptive capac-
ity in relation to specific diseases, such as the cholera and food safety plans.

The Fijian assessment’s health chapter (22) addresses current health status in
the context of health services and other provision. Fiji’s main concerns were
dengue fever (recent epidemic in 1998), diarrhoeal disease and nutrition related
illness. The islands are malaria free and a mosquito vector (Anopheles) popula-
tion has not been established despite a suitable climate. The risk of introduction
and establishment of malaria and other mosquito borne diseases due to climate
change was considered to be very low therefore. Filariasis, an important vector-
borne disease on the islands, is likely to be affected by climate change due to
higher temperatures. The distribution of the vector (Aedes polynesiensis) may be
affected by sea level rise as it breeds in brackish water.

Climate change was anticipated to increase the rates of diarrhoeal disease in
Fiji and Kiribati due to decreases in rainfall and increases in temperature. Evi-
dence was not presented to show current association between flooding or heavy
rainfall and cases of diarrhoea. However, the 1997/98 drought (associated with
El Niño) had widespread impact, including malnutrition and micronutrient defi-
ciency in children and infants (41).

The Kiribati assessment quantified potential impacts of climate change on
cases of ciguatera fish poisoning, dengue fever and diarrhoeal diseases (25). 
Kiribati has the highest rates of ciguatera in the Pacific. A linear relationship
between sea surface temperature anomalies and annual cases of ciguatera (42)
was extrapolated to estimate future reported cases and incidence using air surface
temperature as a parameter of future changes in sea surface temperature. The
study suggests an increase in cases of ciguatera under climate change. The many
caveats of this approach were clearly stated, including the extrapolation of a rela-
tionship beyond the temperature range observed in the original study. Further,
this model does not take account of other factors, such as human behaviour or
the effect of climate warming on the reef ecosystems.

For both Kiribati and Fiji, a dengue transmission model was incorporated into
PACCLIM, a climate impacts model developed for the Pacific Islands (DenSIM)
(40). The model estimates changes in EP (epidemic potential), a relative indica-
tor of potential transmission based on temperature (assuming other factors
remain constant) for selected population centres: Nadi, Suva (Fiji), South Tarawa
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(Kiribati). Dengue is primarily an urban disease (see chapter 6 on vector-borne
disease). The outcome measures EP was related to categories of risk of epidemics,
however it had not been validated for these populations. The modelling indicates
that climate change may extend the transmission season and geographical dis-
tribution in Fiji (not examined in Kiribati). In the Kiribati assessment, absolute
values and changes in EP are reported for decadal means that are difficult to
interpret.

Recommendations for developing methods and tools

Assessments of the potential health impacts of climate change have used a variety
of methods and tools. Both qualitative and quantitative approaches may be
appropriate depending on the level and type of knowledge. The outcome of an
assessment need not be quantitative for it to be useful to stakeholders. An inte-
grated approach is likely to be an informative approach as climate impacts are
likely to transcend traditional sector and regional boundaries. Impacts in one
sector may affect the capacity to respond of another sector or region.

It is important to distinguish between epidemiological methods and health
impact assessment methods. Current epidemiological research methods are best
able to deal with the health impacts of short-term (daily, weekly, monthly) 
variability, which require only a few years of continuous health data (43). In 
contrast, health impact assessment methods address the application of 
epidemiological functions to a population to estimate the burden of disease.
Attributable burdens can only be estimated for those weather-disease relation-
ships for which epidemiological studies have been conducted. The available evi-
dence indicates that weather-disease relationships are highly context specific and
vary between populations, therefore such models need to be derived from data
from relevant populations.

The IPCC has developed formal methods of reporting uncertainty in assess-
ments (44). Figure 9.2 illustrates the importance of communicating to policy-
makers the scientific evidence behind particular estimates. Further, the IPCC
authors were encouraged to apply probabilities to statements regarding future
impacts. To ensure that these probabilities were reported consistently a quanti-
tative scale was agreed, for example, “high” confidence referred to probabilities
of 67–95%, and “very high” confidence referred to probabilities greater than
95%.

These methods are suitable for health impact assessment and were applied in
the Portuguese assessment (29). The standard epidemiological approach to quan-
tifying uncertainty relates to the use of confidence intervals around estimates. It
is not possible to apply these to the results of scenario-based health risk assess-
ment when biological or processed based models are used. However, new
approaches to quantifying uncertainty that apply Bayesian methods have been
developed. It is important to specify the likely range of uncertainties and the
magnitude and direction of errors.

Literature reviews

Only the well-funded assessments (e.g. Canada, United States) have been able
to include comprehensive literature reviews. Reviewing the literature and con-
sulting experts are both processes open to bias and inaccuracies (45). Robust and
transparent methods are needed. There is a problem with a lack of published
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studies on climate/weather and health outcomes, and the limited scope for
extrapolation given that such relationships are highly context-specific. An addi-
tional problem has been that some relevant literature comes from non-health
disciplines (e.g. air quality studies) and therefore difficult to detect and easy to
overlook. This underscores the need for a multi-disciplinary writing team. 
No assessment so far has published search protocols or specified criteria for 
inclusion/exclusion, or made formal attempts to assess the quality of individual
studies.

Considerable time, effort and resources are required to undertake a system-
atic and comprehensive literature review, usually beyond the means available.
Many assessments rely too heavily on the IPCC Assessment Reports that neces-
sarily lack geographical specificity. There is considerable opportunity for the
assessments to address more relevant problems of the population in question. In
most cases such opportunities have been lost.

The literature review should focus on the following evidence:

• mechanisms by which climate change may affect health;
• estimates of current burden of climate-sensitive diseases;
• estimates of future burden of climate-sensitive diseases using scenario based

modelling;
• descriptions of future vulnerability to climate change, particularly identifi-

cation of most vulnerable groups/populations/locations;
• studies that address early health effects of climate change;
• how to identify and evaluate impacts of climate variability on health.

Predictive modelling

Quantified scenario-driven modelling was undertaken in several assessments
using a range of methods (see chapter 6 on vector-borne disease). It is likely that
climate change will affect vector-borne disease. The majority of predictive 
modelling studies have estimated future changes in the distribution of vectors
and/or measures of disease risk within existing, or predicting newly endemic,
areas (see review in chapter 7).

The model used in Fiji and Kiribati to estimate changes in dengue transmis-
sion was not derived for that area, but was a biological model that relied on gen-
eralised assumptions about dengue transmission. This had limited value for a
local study, its application is therefore unknown, and ideally requires validation
with local data. Most model outcomes were assessed for long time periods (2020s,
2050s and 2080s) rather than periods of more relevance to public health. This
was primarily because the climate scenarios were available only for those time
periods and did not address the needs of the health sector.
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FIGURE 9.2 Uncertainty assessment.
Source: reproduced from reference 44.
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Use of climate scenarios

National climate scenarios were available for several of the assessments (United
Kingdom, United States, Portugal, Fiji, Kiribati). As noted above, there is great
uncertainty on future changes in climate at local or national level. In order to
address such uncertainty around future climate projections, impacts studies
should consider a range of emission scenarios and a range of climate models. In
practice this is not always feasible, climate scenarios are expensive to produce
and impact groups must use what is available. The United Kingdom study was
able to address four climate scenarios based on assumptions of future emissions
(high, medium-high, medium-low and low estimates), and the Portuguese study
compared the output from two different regional climate models (PROMES and
HadRM2).

Climate information was not available for all assessments. Antigua and
Barbuda found that the recommended climate scenarios did not even resolve the
islands from the ocean. Analogue scenarios were used in this assessment (46)
(see chapter 2 on climate). The Pacific Islands used PACCLIM, a climate change
integrated assessment model for the Pacific region. In addition to analogue 
scenarios, simple climate models (e.g. COSMIC and MAGIC) can be used to give
a range of climate scenarios based on a range of climate models and sensitivities,
and emissions scenarios. COSMIC (Country Specific Model for Intertemporal
Climate) contains simplified versions of the 14 different climate models used by
the IPCC, and gives output at the country level (47).

When discussing (or quantifying) the range of future impacts it is important to
use a range of scenarios in order to address the uncertainty surrounding future
emissions that drive climate change, and inherent within the climate models.
However, when planning adaptation measures, it may be most appropriate to
address the upper limits of the projections. A report on impacts in small islands rec-
ommended planning for the worst-case scenario—i.e. the top range of the climate
scenarios—5 or 6°C temperature rise by 2100, and sea level rise of 0.9m (39).

Integrated assessment

In order to optimise their use to decision-makers, assessments should integrate
across all relevant sectors. This also involves stakeholder needs assessment (dis-
cussed in chapter 12) due to the multi-objective nature (or tradeoffs) inherent
within any policy responses to climate change health risks. Within an integrated
assessment framework, physical, biological and societal system responses and
assumptions can be simulated. This, in turn, affords improved guidance in deci-
sion evaluation when comparing policy tradeoffs in terms of potential risks or
benefits.

Integration between sectors

All major economic sectors are likely to be affected by climate change. These
impacts should be included in the assessments because of the:

• direct impacts of climate change and health implications, e.g. loss of food
supply

• impacts of responses to climate change (adaptation and mitigation strate-
gies). This assessment is within the traditional role of health impact assess-
ment i.e. that specific projects should be evaluated.
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Figure 9.3. describes the sectors typically included in climate change impact and
vulnerability assessments. There was a consistent lack of integration between the
sectors in the multi-sectoral assessments. By integration, we mean that the water
assessment provides information for the health assessment and vice versa. This
has been identified consistently as a problem for climate change assessments.
Health risk assessment emphasises the need for monitoring of human diseases
in relation to climate and environmental factors.

The United Kingdom Climate Impacts Programme (UKCIP) supports climate
impact assessments in the United Kingdom although no specific guidelines have
yet been developed. UKCIP promotes the need for a cross-sectoral and integrated
approach to impact assessments as they are unlikely to respect sectoral or regional
boundaries. In particular, impacts on health will depend on the impacts of climate
change on water resources management, transport, and coastal and flood plain
infrastructure, as well as the responses to those impacts. The Portuguese assess-
ment was able to make use of the results from other sectoral assessments, par-
ticularly for future flood risk and water availability.

There was some consideration of cross-sectoral impacts in the developing
country studies. In Antigua and Barbuda, it was recommended that the govern-
ment consider an incentive scheme to encourage the public to construct larger
water storage tanks to collect rainwater. However, the health sector made a rec-
ommendation to reduce the storage of water because such tanks are a known
breeding site for the dengue vector.

Integration across a region

Countries in close proximity will generally experience similar climatic conditions
and—if socioeconomically alike—similar vulnerabilities to climate change. The
regional scale approach can offer a useful organisational unit on which to 
co-ordinate and evaluate research cognisant of socioeconomic needs and geo-
physical and jurisdictional boundaries. In this setting assessment of critical
climate-sensitive issues can augment nation-specific assessments, affording a
more complete assessment of risk and vulnerabilities in a region commensurate
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with the design and support of effective adaptation responses (discussed below).
Region-based (multi-national) assessment frameworks are encouraged where
common climate exposures and health outcomes occur (e.g. Pacific Island or
Southern African nations).

Adaptation assessment

In most assessments adaptation typically is addressed by recommendations for
measures or interventions (Table 9.4). That is, what should be done now to
reduce the potential health impacts of climate change. The autonomous
responses to climate change that will tend to reduce impacts are often poorly
described: the non-climate factors that affect health are not fully considered. The
relative contributions of climate and non-climate factors should be discussed in
the context of current sensitivity and future vulnerability.

Climate adaptation and sustainability goals can be advanced jointly by changes
in policy that lessen pressure on resources, improve management and environ-
mental risks, and enhance adaptive capacity. An analysis of the IPCC guidelines
for coastal zone management found greater emphasis on assessing impacts rather
than adaptation and that impact studies include poor assessment of autonomous
adjustments (adaptations “likely” to occur without additional policy incentives)
(48). For health impact assessment, autonomous adjustments would include the
physiological and behavioural acclimatization of populations.

The literature distinguishes between specific adaptations (discussion of specific
measures or health interventions) and general adaptive capacity. Adaptive capac-
ity has been defined as the enabling environment and relates to institutional and
environmental issues, often clearly linked to sustainable development. Strength-
ening and maintenance of the public health infrastructure will increase adaptive
capacity.

Specific adaptation assessment may be addressed in four increasingly complex
ways:

1. List of adaptation options/strategies/policies with no evaluation
2. Estimation of the health benefit or effectiveness of specific strategies
3. Evaluation of specific strategies e.g. cost-effectiveness analysis
4. Policy analysis that addresses the feasibility of implementation of specific

strategies or policies

Only step 1 has been seen in the assessments reviewed so far. The UNEP country
studies placed heavy emphasis on the analysis of adaptation strategies for climate
change—with a focus on dealing with current vulnerability to climate variabil-
ity and extremes—the win-win strategies (15). For example, Samoa advises a 
no-regrets approach, defined as strategies that benefit both society and the 
environment in the long-term in spite of initial economic costs. A range of sec-
toral adaptation measures were qualitatively assessed, based on economic and
environmental costs, cultural suitability and practicability (49). The UNEP
Country Studies Assessment concluded that technology transfer was not required
but that there needed to be an increase in institutional capacity to regulate envi-
ronmental issues—e.g. settlement patterns or over-use of resources (15).
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Review of National Communications to the United Nations
Framework Convention on Climate Change

The UNFCCC is the international legal mechanism under which national gov-
ernments are responsible for reducing greenhouse gas emissions, with the aim
of avoiding, postponing or reducing the environmental, economic, and social
impacts of climate change. Assessments of vulnerability and adaptation address
a country’s response to climate change. Article 4(f) of the UNFCCC states:

“All Parties [. . .] shall: Take climate change considerations into account, to the extent
feasible, in their relevant social, economic and environmental policies and actions,
and employ appropriate methods, for example impact assessments, formulated and
determined nationally, with a view to minimising adverse effects on the economy, on
public health and on the quality of the environment, of projects or measures under-
taken by them to mitigate or adapt to climate change.”

Whether and how an impact assessment is conducted is based on a country’s vol-
untary decision. Although several agencies have produced guidelines on how to
assess the impacts of climate change, no standard approach has been developed
with regard to human health and a comparative mechanism is not in place.

These reports (referred to as National Communications) are submitted to the
UNFCCC which provides guidelines to promote consistent reporting. There are
few references to human health within these guidelines. Countries decide what
additional information they want to submit to the secretariat. Most Annex I
parties (most developed countries) submitted their first report in 1994 or 1995
and their second in 1997. Most parties with economies that were in transition
submitted their second communications in 1998 (according to the longer time-
frame granted to them). The third national communication for Annex I parties
was due in November 2001.

All national communications available online from the UNFCCC website, and
in English, in March 2002 were reviewed to see if they addressed health. Most
Annex I countries do not address health impacts. Some countries address health
but conclude that climate change impacts on health are of “no great concern”
(e.g. Austria, Denmark). Where health is mentioned, a range of impacts is dis-
cussed, primarily based on the IPCC conclusions. Italy and Japan address health
in some detail. The potential impacts on health were not well addressed in the
assessments of non-Annex I countries, except for the small island states that have
conducted extensive vulnerability assessments. These populations are considered
extremely vulnerable to climate change and also contribute significantly to the
UNFCCC process. Table 9.4 summarises the conclusions of National Communi-
cations in non-Annex I countries (i.e. developing countries) on strategies to
reduce the impacts on human health. The range of impacts is similar as coun-
tries identify familiar concerns of increases in vector-borne disease, food and
water-borne disease, heat stress, air pollution and impacts from natural disasters
(such as floods and droughts).

The National Communications are important and address a range of issues that
support the Framework Convention, primarily for national inventories of green-
house emissions. The potential impacts of climate change in economic sectors
(e.g. agriculture) are typically well-addressed (50). National Communications
provide invaluable information about vulnerability to the impacts of cli-
mate change. Many governments recognise that there are important gaps in
knowledge of the relationship between human health, social change and 
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TABLE 9.4 Non-Annex I countries: summary of conclusions of National Communications for
adaptation to reduce health impacts of climate change, as supplied to the United Nations
Framework Convention on Climate Change.

Country Date of Adaptation strategies
submission

Bolivia 16/11/00 • Environmental Care
• Sanitary Education
• Reservoir Control
• Decreasing vector/human contact
• Epidemic/climate warning
• Biological control
• Chemical Control

Colombia 18/12/01 Strengthen prevention and control of malaria and dengue

Cook 30/10/99 Specific capacity building needs
Islands revised edition • Regular access to workshops, conferences, meetings and internet services

March 2000 • Education and awareness
• Training and equipment
• Integrated pest management systems
• Legislation

Indonesia 27/10/99 • promote use of environmentally friendly fuels and healthy transportation system
• promotion of healthy environment housing
• promotion of emergency response system for sporadic climate change disaster

Malaysia 22/08/00 Strengthening existing emergency preparedness and disaster management 
programme for international health surveillance and monitoring systems. 
Multidisciplinary approach and collaboration with other agencies—such as, 
agricultural, meteorological, environmental and planning
agencies—will be intensified to ensure adequate weight given to health impacts
due to climate change in Malaysia

Marshall 24/11/00 Develop comprehensive suite of human health policies to address water borne 
Islands diseases and other sicknesses related to climate-induced change, including those 

arising from poor water quality and nutrition

Niue 02/10/01 • Health education and promotion programmes to incorporate health impacts of 
climate change on infectious diseases

• Future health services delivered on Niue to acknowledge emerging infectious 
diseases with an adaptive perspective on human health impacts

• Preventative health programmes and projects within Public Health division to be 
strengthened and supported, with emphasis on community involvement in the 
projects

• Policies for disaster preparedness with adaptive strategies to be formulated 
and implemented

• Database and information system to be established for accurate monitoring and 
data collation

Papua New 27/02/02 Adaptation measures
Guinea

Saint Kitts 30/11/01 • Development of Health Forecast System for acute respiratory, cardiovascular
& Nevis • and many other diseases

• Strengthening of data collection and reporting systems
• Vaccination campaigns for all possible diseases
• Sustained and improved sanitary conditions in human settlements
• Sustained and improved disease vector control
• Educational and promotional health related public campaigns



environmental problems arising from climate-induced change. To date only
limited attention has been given to understanding specific ways in which changes
in population size and settlement density, economy and traditional practices are
creating heightened vulnerability to health problems arising from climatic vari-
ations. There is a need to determine development policies to lessen the health
impacts arising from vulnerability to climate change.

Conclusions

Health impacts have not been well addressed in the climate change impact assess-
ments, which have followed the climate assessment methods rather than health
specific approaches. Assessments should be driven by region and country prior-
ities in order to determine which health impacts are considered. No single set of
guidelines can cover all health and institutional situations.
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TABLE 9.4 Continued

Country Date of Adaptation strategies
submission

Saint Lucia 30/11/01 • Public awareness
• Surveillance and monitoring
• Infrastructure development
• Engineering and technological responses
• Medical interventions

Samoa 30/10/99 • Health education and awareness need to be implemented at a community level. 
Regular cleaning campaigns need to be conducted for sites and places where 
mosquito vector is abundant

• Conduct research programmes on the use of biological control.
• Encourage development of proper waste disposal methods to minimise 

existence of vector breeding habitats.
• Reliable and safe drinking water supply is essential.

Seychelles 15/11/00 In view of considerable lack of data and expertise on the nature and magnitude of 
these impacts, it is important to undertake research both at population and 
individual levels so as to provide a solid basis for the formulation of adaptation 
strategies.

Sri Lanka 06/11/00 Increase awareness of climate change in health sector
Detailed responses with respect to following impacts
• Natural disaster preparedness
• Heat stress, heat-related illnesses and disorders
• Spread of infectious diseases
• Food shortage and nutritional disorders

Thailand 13/11/00 Chemical control of outbreak of malaria may not be appropriate due to disease 
resistance and ecological effects. More research and development of alternative 
approaches to control possible malaria outbreaks are required.

Vanuatu 30/10/99 • Promotion of hygienic waste disposal methods will help to prevent 
contamination with disease pathogens in the event of cyclones and floods.

• Management of surface water catchments will help to maintain quality of 
domestic water and continuity of water supply.

Zimbabwe 25/05/98 Health impacts, i.e. from malaria, will require investments in education and 
prevention techniques such as netting, repellents, and low-cost anti-malarial drugs.



The most effective HIA is a prospective activity. A further distinction can be
made between interventions where health changes are an explicit objective (e.g.
vaccination programmes) and where they are not explicitly part of the objectives
(e.g. energy policy). As with other areas of environmental health impact assess-
ment, there is a need to create awareness of the problem. There is also concern
that health impact assessments are not incorporated into the UNFCCC National
Communications and other climate change assessments, strategies or action
plans.

Assessments should set an agenda for future research. Nearly all the assess-
ments identify research gaps and often specify narrow research questions that
should be answered. Assessment also should be linked to follow up activities such
as monitoring and revised reports. A major shortcoming of many climate change
impact assessments has been the superficial treatment of the adaptive capacities
and options of diverse populations (6). Strategies to enhance population adapta-
tion should promote measures that are not only appropriate for current condi-
tions but also build the capacity to identify and respond to unexpected future
developments. The restoration and improvement of general public health infra-
structure will reduce vulnerability to the health impacts of climate change. In
the longer-term and more fundamentally, improvements in the social and mate-
rial conditions of life and the reduction of inequalities within and between 
populations are required for sustained reduction in vulnerability to global 
environmental change.

The development of guidelines would improve methods used in assessments,
allow for some standardization and the development of a set of indicators (51).
Health Canada has prepared an initial framework (52). There are three distinct
phases:

1. Scoping: to identify the climate change problem (concerns of vulnerable
groups) and its context, describe the current situation (health burdens and
risks) and identify key partners and issues for the assessment.

2. Assessment: estimations of future impacts and adaptive capacity, and evalua-
tion of adaptation plans, policies and programmes.

3. Risk management: to minimize the impacts on health and follow-up assess-
ment process and health risk management actions.

Health impacts assessment requires guidelines that fit in with the larger HIA
framework of WHO and other international agencies. There is a need to move
beyond the climate change environmental policy domain and into the public
health arena. Guidance is needed on capacity and needs assessment. In most
countries the policy environment does not encourage intersectoral collaboration.
Policies for resource allocation in the health sector aim at dealing with problems
of the present with the highest burden of disease. Unfortunately, the medical
perspective (i.e. provision of health services in clinics/hospitals) prevails over the
public health perspective (i.e. activities to prevent disease) in much policy-
making.
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Introduction

Detection and measurement of health effects of climate change are necessary to
provide evidence on which to base national and international policies relating to
control and mitigation measures.

Unequivocal evidence of health effects, and accurate measurements of their
size, can come only from hard data. However, climate varies naturally as well as
through human influences and in turn is only one of many determinants of
health. There must be careful consideration of how best to collect and analyse
information that will provide secure evidence of climate change impacts.

In this chapter, we consider how monitoring may help provide evidence of early
health impacts, examining the principles on which monitoring should be based,
potential sources of monitoring data, and discussing issues in the analysis and
interpretation of such data. There is a complex relationship between climate-
change and health. Detecting and quantifying impacts on health will be gained
only through broad scientific effort rather than individual monitoring studies.

Methodological considerations

Monitoring has been defined as “the performance and analysis of routine mea-
surements aimed at detecting changes in the environment or health of popula-
tions” (1). Thus, it encompasses the notion of continuous or repeated observation
using consistent and comparable methods to detect changes in some parameter
relating to health or the determinants of health.

In many investigations in public health, it is possible to measure changes in a
defined health impact and attribute this trend to changes in a directly related risk
factor. This is not so with the health effects of climate change. As climate varies
naturally over time (and is one of many determinants of disease rates) model-
ling is required to identify the climate-attributable part of disease and the long-
term trends. This lack of direct connection makes monitoring of climate change
impacts on health more complex than many other forms of health monitoring.
There are three main issues:

Evidence of climate change

When concerned with health effects resulting from climate change, it is neces-
sary to clarify the extent to which the putative driving factor (the climate) itself
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has changed at the location where monitoring has been undertaken. This may
seem an obvious point, but it is worth remembering that many markers of health
show seasonal and inter-annual fluctuation: the demonstration of this provides
no direct evidence of health impacts relating to climate change—merely that these
diseases exhibit a form of seasonal or climatic dependence. An excess of heat-
related deaths in a particularly hot summer, or even a succession of hot summers,
is evidence of the potential for climate change to increase mortality. It does not
constitute sufficient evidence that mortality has increased as a result of climate
change. That would require additional evidence of a change in the baseline, i.e.
that the hot summers were exceptional in historical terms and a consequence of
climate change rather than random variation. Indeed, not only would it have to
show that the climate had changed, but also quantify how much, so that its con-
tribution to changes in health could be estimated. Chapter 2 summarizes the evi-
dence for being in a period of global climate change. Interpretation of the reason
for change in monitored health data at a given location also requires specific evi-
dence of climatic change at that location. Thus, monitoring of climate change
impacts on health is not simply a matter of recording certain health outcomes
over time. It also requires an analytical process to quantify the component of
change in those health outcomes that can be ascribed to measured change in the
underlying climatic conditions.

Given this, should the goal of monitoring be to yield direct evidence of changes
in health resulting from climate change, or to show that diseases are altered in
the short-term by meteorological conditions? If the latter, separate evidence of a
changing climate arguably would provide sufficient grounds for assuming an
impact on human health. However, some researchers and policy-makers may not
be content to make this assumption. Most would prefer to have data from 
one setting which could both establish that a change in climate had occurred 
and show that there had been linked changes in health. The difficulty is that 
very long time series of data, perhaps several decades or longer, may be 
needed to achieve these aims, yet the quality and consistency of data 
recording over the long term often are uncertain especially when past data are
used.

Attribution

The second key methodological issue in monitoring climate change impacts is
attribution. It is clear that climate is but one of many influences on health, and
its influence needs to be separated from that of other factors. For example, heat-
related deaths require some form of time series analysis, usually at daily or
weekly time resolution. This permits researchers to quantify the relationship
between mortality and temperature (or other meteorological variables) inde-
pendently of season, secular trends, and time varying factors. In most cases, the
principal focus of these analyses is entirely on within-year fluctuation, i.e. the
extent to which daily or weekly variation in mortality can be explained by fluc-
tuation in meteorological conditions. This is the climate-attributable part of the
particular health measure. But it is important to realise that there are various
choices in the method of model construction, and these analyses can yield
varying estimates of attributable cases depending on such factors as the method
of adjustment for season, assumptions about the lag between exposure and
health effect, and the functional form used to characterize the temperature-
health relationship. Those choices will influence the estimates of climate-related
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health impact in individual years, and hence the assessment of trend in health
impacts over the long term.

With some diseases (e.g. vector-borne diseases such as malaria), it is possible
to investigate not only temporal changes but also changes in the geographical
distribution of vectors and disease over years. Even so, similar questions of attri-
bution arise: the influence of meteorological conditions has to be separated from
that of change in other environmental conditions. This requires some form of
analysis of the determinants of geographical or short-term temporal variation in
disease. The interpretation of these analyses can be more difficult than that of
analyses of fluctuation in many other climate-sensitive diseases.

Effect modification

Finally, the issue of effect modification must be acknowledged. Our interest is in
changes in weather-related morbidity or mortality over decades, which is the
time-scale when change in underlying climatic conditions becomes apparent.
Specifically, the aim is to demonstrate a gradual increase or decrease from base-
line in the annual climate-attributable part of a range of marker diseases. But
over such long time-scales changes in relevant non-climate factors also may
occur. The population vulnerability to meteorological influences may alter such
that more or fewer climate-related cases of disease may occur even without any
change in prevailing climatic conditions. For example, vulnerability to extreme
weather events, including floods and storms, will depend on where and how res-
idential housing is built, what flood protection measures are introduced, how
land use is changed. Similarly, susceptibility to heat deaths will be affected by
the age of the population (vulnerability rises with age), the underlying preva-
lence of cardio-respiratory morbidity and quality of housing (2), among other
factors.

A central question for public health is the extent to which populations are
able to adapt to changing climatic conditions, as this determines their vulnera-
bility to future climate change impacts. That adaptation may include physiolog-
ical acclimatization (the fact that, in a biological sense, people gradually ‘get used
to’ a warmer, wetter, cooler or windier environment) as well as structural adap-
tation, such as the extension of flood protection measures, introduction of air-
conditioning systems in buildings and transport systems, and the implementation
of eradication programmes for vector-borne diseases.

Thus, proper interpretation of a long-term trend in a climate sensitive disease
needs to pay close attention to these various potential modifiers so that there is
sufficient confidence that any observed change in health is the result of a climate
effect rather than alteration in population susceptibility. Further, it could be said
that the priority for monitoring should be not just to detect change but also to
quantify the effect on disease burdens of adaptation and changes in population
susceptibility.

This provides a strong case for a broad and sophisticated monitoring pro-
gramme to enable vital questions about emerging trends in climate-related
disease, and the extent of future vulnerability, to be addressed. It also suggests
that effective monitoring cannot be simply a matter of sequential recording of
markers of climate-sensitive diseases. It also must entail parallel measurements
of population and environmental data to allow study of potential modifying
influences, accompanied by methodological development to improve methods of
modelling the disease impacts attributable to climate change. The data for such
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modelling must come from observations over periods of decades in multiple 
settings.

General principles

The objective of detecting health effects of climate change will require similar
levels of data collection and analysis to those needed to address broader ques-
tions about climate and health relationships. Given that only limited resources
will be available to implement new (or revise existing) monitoring systems, pri-
orities must be identified. We suggest that the principal criteria for selecting dis-
eases and settings for monitoring should include the following:

Evidence of climate sensitivity

This will be demonstrated through either observed health effects of temporal or
geographical climate variation, or evidence of climate effects on components of
the disease transmission process in the field or laboratory. For infectious diseases,
detailed knowledge of transmission cycles is essential in identifying the major
threats. Climate change effects are likely to be most profound for diseases caused
by organisms which replicate outside of human hosts (where they will be subject
to ambient conditions), and will be less important and/or more difficult to detect
for those where human to human transmission is common.

Public health burden

Monitoring also should be preferentially targeted towards significant threats to
public health. These may be diseases with a high current prevalence and/or
severity (3) resulting in a large loss of Disability Adjusted Life Years (DALYs), or
considered likely to become prevalent under conditions of climate change. For
example, diarrhoeal illness is a major contributor to the global burden of disease,
and is in part related to meteorological conditions. Spread of malaria, dengue
and other important vector-borne diseases to new areas and populations also
would cause a substantial burden for those populations.

Practicality

Logistical considerations are important given that monitoring requires depend-
able and consistent long-term recording of data of health-related indices and
other environmental parameters. Monitoring sites must be chosen where change
is most likely to occur, but appropriate structures and capacity for reliable mea-
surement will be essential. In some cases, retrospective data series that could be
a suitable basis for forward data collection may be available.

Such considerations have been used to identify the most important health
issues for both research and monitoring on a global scale. These priorities include:

• direct effects of exposure to low and high temperatures
• health impacts of extreme weather events (floods, high winds etc)
• increased frequency of food and water-borne disease
• geographical change and altered transmission frequency of vector-borne

disease, principally malaria, dengue, filariasis, sleeping sickness (African try-
panosomiasis), leishmaniasis, shistosomiasis, and Chagas’ disease (Ameri-
can trypanosomiasis).
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Lower priority threats include:

• other vector-borne diseases, including tick-borne encephalitis, Lyme
disease, Toscana virus

• aero-allergens, particularly pollen
• rodent-borne diseases, including hantavirus and leptospirosis.
• harmful algal blooms & biotoxins.

Priorities will vary between regions with differences in current climate, level of
socioeconomic development and spectrum of disease (4). Altered food produc-
tivity, changes in air pollution, and social, economic and demographic disloca-
tions due to effects on economic infrastructure and resource supply are additional
climate-related concerns that may be of high priority in some settings (5).

Monitoring systems should take account of these local needs and be alert to
the appearance of potential new health concerns. Systems such as the WHO
Global Outbreak and Response Network Programme for Monitoring Emerging
Diseases (PROMED) (6) provide a valuable resource in identifying new health
concerns. Such emergent concerns may include new geographical distributions
of diseases or changes in the frequency of established diseases in particular pop-
ulations; but also include the possibility of the emergence of new threats. By def-
inition, such occurrence is unpredictable and identifying such climate-related
health impacts will require vigilance by the scientific and public health commu-
nities. A possible climate-related issue that has emerged within recent years is
that of harmful algal blooms.

Data requirements and data sources

A broad range of data is needed to monitor climate effects on health. Where pos-
sible, monitoring systems should assemble data on all components required for
statistical analysis (including assessment of effect modification) or process-
based/biological models. Many relevant variables already are recorded by exist-
ing systems and may require only access and cross-referencing with other data
sources. For others, new monitoring systems or radical changes to existing
systems may be necessary. Relevant measurements fall into the following broad
classes:

Meteorology

Various meteorological factors influence health processes either directly or indi-
rectly. Temperature, relative humidity, rainfall and wind-speed are perhaps the
most important and all are predicted (with a greater or lesser degree of certainty)
to be affected by future climate change (4, 7, 8, 9). There are few difficulties in
obtaining reliable series of daily measurements of these variables for representa-
tive sites, given that there are extensive networks of meteorological monitoring
stations throughout nearly all regions of the world. These measurements also can
be interpolated to give estimates for the entire globe, at spatial resolutions as high
as 30km by 30km (10). In addition, satellite based sensors record proxy mea-
surements of temperature, rainfall and humidity with true global coverage. Data
from either source can be geographically and temporally cross-referenced to
health and environmental monitoring data in a geographical information system
(GIS), providing powerful tools for broad scale analysis of associations between
climate and disease.
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The main difficulties associated with the use of climate data in monitoring
health impacts lie in linking climate and health data at a suitably high resolu-
tion. Measurements are either discontinuous point data or averages over an area,
and may not describe either local variation in climate (e.g. temperature in city
centres vs. nearby rural areas), or microclimatic conditions in specific important
environments (e.g. resting sites of adult mosquitoes). Climate measurements at
a local level and in important microclimates (where these can be identified)
should be recorded in intensively studied sites to test whether they provide closer
correlation with health outcomes. As it is not feasible to take such measurements
at all sites, their relationship with data from monitoring systems with global cov-
erage should be modelled in order to allow scaling-up across large areas.

Health markers

Analysis of climate effects on health ultimately depends on reliable recording of
health status, at suitable temporal and spatial resolution. Such monitoring should
be sensitive and specific enough to quantify changes in the intensity and tem-
poral and geographical distribution of climate-sensitive health impacts.

One way to address the complex causality of most health outcomes is care-
fully to select indicators that are highly sensitive to climate changes but relatively
insensitive to other influences. This approach already has given clear evidence
of climate-change driven effects in other ecological systems. For example,
changes in the seasonality of bird egg-laying (11) and the gradual pole-wards
shift of insect and bird populations (12, 13) is most plausibly explained by the
gradual warming observed in the study regions. By analogy, long-term moni-
toring of health-relevant properties such as the seasonal pattern of insect vector
abundance in areas without control programmes may demonstrate changes that
can be confidently attributed to climate-change.

Human health differs from other systems, however: there is not only an inter-
est in demonstrating that climate change is having some effect, but also in quan-
tifying the effect and making an adaptive response. The data requirements for
attributing and measuring impacts may be quite different and the utility of rou-
tinely collected data varies markedly, depending on the health issue and region.
For studies of direct effects of heat and cold the essential requirement is daily
series of counts of death or morbidity subdivided by age and cause. Date of death
usually is routinely recorded on death certificates and daily statistics often are
collated at regional and national levels. Studies of all-cause mortality therefore
are feasible in many settings, though even mortality counts can be difficult to
acquire for many low-income countries, especially if cause-specific breakdown
also is required.

The difficulties of data assembly become more challenging where the inten-
tion is to look at disease morbidity or health effects resulting from complex eco-
logical processes, such as infectious diseases transmitted through food, water or
vectors. In these circumstances, case definition, completeness of case ascertain-
ment and reporting efficiency are key issues, as are temporal and geographical
variation in diagnosis. Future monitoring must aim to address these limitations.
In some cases this may be achieved through revision of existing health data sets
and linkage to climate records. For many climate-sensitive diseases, however, the
coverage or quality of available data precludes this approach, and improved mon-
itoring systems are necessary to monitor tends (both climate-dependent and
independent).
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Other explanatory factors

It has been stated that monitoring will need to measure more than just climate
and health. Data on time varying risk factors and changes in potential popula-
tion susceptibility are equally important in order to begin to assess the climatic
contribution to any observed change in health status. This is particularly true of
infectious diseases transmitted by water, food or vectors. Often these are highly
sensitive to climate, but human infections are only the end product of a complex
chain of environmental processes (14).

For such diseases climate and disease monitoring ideally should be linked with
parallel monitoring of intermediate stages in the transmission cycle (e.g. para-
sites, vectors and reservoir hosts) and the wider ecosystem (e.g. distribution of
habitats suitable for vectors or reservoirs). Collection of accurate data on these
variables would help to improve the explanatory value of models in purely sta-
tistical terms, and by identifying the key biological processes underlying changes
in human disease. For example, such integrated monitoring would help to give
a secure answer to the question of whether variation in the incidence of tick-
borne encephalitis (TBE) in Europe is mainly due to climate effects on tick pop-
ulation dynamics, changes in the abundance of reservoir hosts, changes in the
distribution of habitats where ticks and reservoirs come into contact, or changes
in disease control and reporting systems.

In some situations, it may be informative to define the relationship between
climate and environmental intermediates, even in the absence of the disease
itself. For example, although competent vectors for both dengue and malaria are
present in many areas of western Europe, there is no active parasite transmis-
sion. However, mosquito population density, biting rate and adult longevity (all
known to be affected by temperature) are important determinants of these vector
populations’ capacity to transmit the relevant pathogens (15). Therefore it is rel-
evant to public health to assess the link between climate and vector populations
so as to assess changes in the probability of establishment of autochthonous
transmission when parasites are imported to currently non-endemic areas. The
specific parameters that should be recorded vary depending on the transmission
cycle of specific diseases.

Recording of population and environmental changes is necessary for inter-
pretation of changes in all climate-sensitive diseases. The choice of variables to
be measured will depend on the specific disease, but the principal categories of
confounding or modifying factors include:

• age structure of the population at risk;
• underlying rates of disease, especially cardiovascular and respiratory disease

and diarrhoeal illness;
• level of socioeconomic development;
• environmental conditions e.g. land-use, air pollutant concentrations,

housing quality;
• quality of health care;
• specific control measures: e.g. vector control programmes.

Data on the first two of these usually is available at aggregate level from routine
sources of demographic and health statistics. Socioeconomic indicators often are
available in fairly crude form, but it is less easy to obtain markers that have direct
bearing on the health impact of interest. Poverty and living conditions will influ-
ence exposure to almost all health threats (from direct thermal effects and natural
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disasters to infectious diseases) and are likely to increase the harmful effects of
such exposures. Other socioeconomic factors may affect a smaller range of health
outcomes, such as exposure to some pathogens in occupational environments.
Changes in such socioeconomic factors potentially are of great importance for
disease changes over periods of decades.

An increasingly useful source of data on land-use and other environmental
parameters is remote sensing data from satellites. Such data are not always easy
to calibrate and interpret, and may not be available at the required level of spatial
resolution or with the desired detail of ground conditions. However, their great
advantage is that they are becoming available for most areas of the world, pro-
viding the opportunity to capitalize on spatial as well as temporal contrasts. Sta-
tistical methods can be used to compare distribution of disease frequency in
relation to measured land-use patterns as well as climatic variation, providing
valuable insights into the determinants of distribution of malaria and other
vector-borne diseases, for example (16).

Disease control programmes (e.g. insecticide spraying against insect vectors or
chlorination of water supplies) and health care factors are problematic, not
because of the difficulty of obtaining data (though this may well be the case) but
because it is difficult to quantify their influence on the occurrence of climate-
sensitive diseases.

In general, monitoring should aim to record data on all these confounding and
modifying factors so that they can be included in analytical models. The diffi-
culty of data acquisition, and proportionate increase in the amount of data with
the number of factors being assessed, makes this infeasible in many settings.
Indeed, it is impossible even to identify all confounding effects. An alternative
approach may be to restrict monitoring to areas where non-climatic factors are
unlikely to exert a strong effect. For example, monitoring of climate effects on
mosquito populations might be carried out in areas where there are no vector
control activities. In this case, climate-health models can be generalized to other
areas only under the assumption that the derived relationships hold true else-
where (e.g. temperature will affect mosquito population dynamics in the same
way in habitats which are different from the original study site).

Examples

Table 10.1 summarizes the principal health impacts of climate change, sources of
data, methods of data acquisition and the types of climate and other data needed
to support their analysis. Where possible, monitoring should be based on exist-
ing data acquisition systems for reasons of cost-effectiveness and sustainability,
and to ensure fullest use of existing retrospective data series. Particular issues of
monitoring arise in different settings for the various health effects. Examples of
studies that have entailed direct measurement of health in relation to meteoro-
logical parameters are given in Boxes 10.1 and 10.2 below. Other examples
recently have been outlined by Patz (17).

Data sources and methods of monitoring will depend on the precise purpose
of the monitoring, the type of existing data acquisition systems and available
resources. There are differences between the sorts of data and analysis needed
to quantify long-term trends in the burden of heat-related mortality and those
needed for an early warning system that provides the basis for public health
action (heatwave warning systems). The former requires systems to link health
data to temperature measurements and other factors over a matter of decades;
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the latter would be based on a short-term weather forecast (coupled with evi-
dence from analysis of comparatively short periods of daily data defining the tem-
perature-health relationship).

On the other hand (see Box 10.1) longitudinal data on the inter-annual vari-
ation in malaria, which may serve as an analogue of climate change impacts, also
have the potential to predict high and low-risk years of malaria to inform pre-
ventative action. In this instance, monitoring to detect changes in the frequency
of disease over time also may serve a more immediate and practical public health
function. On the whole it may be said that early warning systems usually require
shorter-term meteorological data together with systems for forecasting, forecast
dissemination and initiation of public health action. Monitoring to detect evi-
dence of early impacts of climate change requires much longer series of meteo-
rology, health and other data, together with an analytical framework that allows
impacts attributable to climate change to be quantified separately from those of
other time varying factors.
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Box 10.1 Vector-borne disease

One of the earliest health impacts of climate change may be altered distribution and incidence of
vector-borne diseases, already a major cause of illness and death, particularly in tropical and sub-
tropical countries (3). There is substantial evidence for the effects of climate variables on both vector
and pathogen population biology in the laboratory and geographical and seasonal patterns of trans-
mission intensity in the field (see chapter 6) (18).

This group of infectious diseases also is affected by factors such as human population density and
movement; control programmes; forest clearance and land-use patterns; surface configurations of
fresh water; and the population density of insectivorous predators. A recent review of vector-borne
diseases concluded that the literature to date does not include unequivocal evidence of an impact of
climate change, though the authors suggested that this should be seen as ‘absence of evidence’ rather
than evidence of no effect. They refer to a lack of good quality long-term data on disease and vector
distributions in areas where climate change has been observed and where a response is most likely
to have occurred (19).

Monitoring for research and early detection would benefit from the creation of enhanced datasets
in such areas with prospective data collection of climate, disease and vector populations. As a pre-
requisite current vector monitoring systems must be developed to improve their reliability. Data
should be collected on demographic, socioeconomic and environmental change, including land use.
For the present, however, data collected for other purposes are used to investigate effects of climate
change on vectors and vector-borne diseases.

An example of the sort of data that could be provided is shown in a study by Bouma et al. (20) in
the Northwest Frontier Province (NWFP) of Pakistan. These researchers showed that interannual
variations in the proportion of all slides tested which were positive for Plasmodium falciparum, and
the proportion of all positive slides which were identified as P. falciparum (rather than the more cold-
tolerant and less pathogenic P. vivax), correlated with variation in temperature, rainfall and humidity
during the transmission season.They also showed, separately, that all of these parameters have shown
an increasing trend in this region since the late 1870s. In the absence of any evidence that other
determinants of malaria incidence (e.g. control activities) changed significantly over the study period,
it is therefore suggested that the recent increase in the severity of autumnal outbreaks of P. falciparum
could most probably be explained by the trend towards more favourable climatic conditions.

This study illustrates the advantages of (i) selecting an appropriate indicator (i.e. proportion of P. fal-
ciparum cases, rather than total number, which would be more sensitive to variation in surveillance

Continued
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effort), and (ii) defining climate/disease associations on the basis of short-term (i.e. inter-annual) vari-
ations, and using this relationship to interpret a long-term trend in climate and disease. It should be
noted that even with this longitudinal series, it was not considered informative to correlate the gradual
trend in the outcome against the trend in the climatic predictors, as it is very difficult to exclude
completely the possibility that unmeasured factors also may contribute to the observed increase in
P. falciparum frequency.

Aside from the difficulties of interpreting past changes, there is additional uncertainty in predicting
how malaria and other vector-borne diseases will respond to the much larger climatic changes that

FIGURE 10.1a Annual proportion of Plasmodium falciparum infections in the districts
of NWFP, against the estimated average October—December temperature difference
from a reference point (Peshawar).

FIGURE 10.1b Mean temperatures in °C with a linear regression line since 1876, for
Peshawar station. Source: reproduced from reference 20
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are expected over the coming century. The principal difficulty lies in limited understanding of the
modifying influences of socioeconomic development, control programmes, and the ability of human
immunity to absorb increases in transmission intensity, all of which may alter the apparently simple
relationship between climate and disease (16, 22, 23, 24, 25). Understanding of these influences will
be fundamental to proper assessment of both measured and projected changes in disease.

The IPCC (26) has concluded that climate change is likely to expand the geographical distribution of
several vector-borne diseases to higher altitudes and extend the transmission seasons in some loca-
tions. There is less confidence that these diseases will expand into higher latitudes, or that decreases
in transmission may occur through reductions in rainfall or increases in temperature above a thresh-
old for vector survival. Thus, if monitoring is to find evidence of change, it will be important to ensure
appropriate siting of monitoring stations that collect data relatively frequently. This might include fre-
quent and long-term sampling along transects to monitor the full longitudinal and altitudinal range of
specific vector species and their seasonal patterns.

Such studies may be the most cost-effective and robust methods of detecting directly the first health-
relevant effects of this climate change impact. Unfortunately, current vector monitoring systems often
are unable to provide reliable measurement of changes even in the limited number of parameters
suggested. The design of surveillance programmes therefore may need to be adapted specifically to
monitor sensitive aspects of climate change on vector-borne disease over the coming decades. These
should be targeted at areas where the population at risk is large and adaptive capacity is low.

Box 10.2 Diarrhoeal illness

The relative importance of different pathogens and modes of transmission (e.g. via water, food, insects
or human-human contact) varies between areas, and is influenced by levels of sanitation (27). As
pathogens are known to vary in their response to climate (28, 29) this is likely to cause geographi-
cal variation in temperature relationships, depending on level of development. The quantitative rela-
tionship between climate and overall diarrhoea incidence (i.e. due to all pathogens) only rarely has
been explicitly quantified.

A study by Checkley and colleagues provides evidence of the meteorological dependence of diar-
rhoeal illness and a possible analogue for longer-term climate change impacts (30). These workers
reported a time series study of the relationship between temperature and relative humidity and daily
hospital admissions at a single paediatric diarrhoeal disease clinic in Lima, Peru (Figure 10.2). Analy-
ses based on 57331 admissions over a period of just under 6 years revealed a 4% increase in admis-
sions for each 1 °C increase in temperature during the hotter months, and 12% increase per 1 °C
increase in the cooler months. During the 1997–98 El Niño event, there was an additional increase
in admissions expected on the basis of pre-El Niño temperature relationships.The time series methods
used in this study independently controlled for seasonal variations, other climatic factors and long-
term trend, so that the variation in diarrhoea rates can be attributed confidently to variations in tem-
perature. The positive correlation is biologically plausible also, as a high proportion of diarrhoea cases
in Peru, as in many tropical developing countries, are caused by bacteria, entamoeba and protozoa
(27) which are favoured by high temperatures. Very long term data gathering is necessary to provide
clear evidence of changes in disease burdens in relation to longer-term changes in climate. In the
present example, ideally this would cover not just one but multiple ENSO cycles.

Daily temporal resolution may not be essential for such monitoring. Singh et al. (31) used similar time
series methods to correlate monthly reported incidence of diarrhoea throughout Fiji, 1978–1998,
against variations in temperature and rainfall. The reported incidence increased by approximately 3%

Continued
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FIGURE 10.2 Daily time series, 1 January 1993–15 November 1998, of admissions for
diarrhoea, mean ambient temperature, and relative humidity in Lima, Peru. Source:
reproduced from reference 30

(95% CI 1.2 to 5.0%) for each 1 °C increase in temperature, and also increased significantly with
unusually high or low rainfall. These findings are supported by a positive geographical correlation
between temperature and diarrhoea incidence in 18 Pacific Island countries. However, adjustment for
non-meteorological seasonal factors can be a difficulty especially when the temporal resolution of the
data is fairly crude.

Diarrhoeal illness is already of major importance for tropical developing countries because of its large
contribution to the burden of ill-health (32). Although that burden is much more a consequence of
poor sanitation and nutrition than of climatic conditions, the demonstration of climate sensitivity sug-
gests that climate change is likely to contribute to an increase in morbidity unless counteracted by
increasing standards of living and improved public health.

Conclusions

Monitoring the health impacts of climate change is an important task by which
the public health community provides much needed scientific and policy evi-
dence related to global warming. There are many methodological challenges in
carrying out such monitoring but a body of analytical expertise has been acquired
through the research efforts of recent years.

It must be recognized that the process of climate change is gradual and
detectable only over decades. The impact of such climate change on health will



therefore similarly be slow to evolve. Over long periods changes occur also in
non-climatic risk factors and in disease detection and recording. These factors
often render it difficult to assess the contribution of climate change to trends in
attributable burdens, and thus to detect early health effects of climate change.
Monitoring studies therefore should be either designed to allow analysis of poten-
tial confounding and modifying influences or established in settings where such
influences can be minimized.

For the health effects of thermal extremes, reliable temperature, mortality and
morbidity data are available in many countries, and the methodological frame-
work is sufficiently developed to allow assembly, analysis and interpretation of
data from long time series in multiple locations. The principal focus of such
research should be to characterize modification of the temperature-mortality/
morbidity relationship by individual, social and environmental factors (poverty,
housing quality, pre-existing morbidity etc).

Various databases already exist (e.g. EM-DAT) for extreme weather events and
these could be a key resource for monitoring trends. To maximize their utility,
attention is needed to ensure completeness and consistency of reporting of
extreme weather events across a wide geographical area, and use of standard
definitions of events and the application of comparable methods of attribution.
Interpretation of temporal patterns will be aided by work to examine the extent
to which human activity and environmental modification protects or increases
vulnerability to extreme weather. Similarly, concerns over the consistency of
notifications of food and water-borne diseases over the long term impose con-
straints on the interpretation of long-term monitoring data. Methodological work
is needed to characterize variation in the temperature-disease relationships
(including duration and amplitude of the seasonal rise) between populations in
different geographical areas.

For most vector-borne illnesses (malaria, Leishmaniasis, tick-borne encephali-
tis, Lyme disease) current monitoring data can provide only very broad quan-
tification of the relationship between climate and human disease. Assessment of
the climate contribution to long-term trends requires data on factors such as land
use, host abundance and intervention measures. Understanding of these rela-
tionships could be improved by obtaining high quality serial data on vector abun-
dance at a modest number of sites within or at the margins of endemic areas.
Data from sites along specified transects could provide useful indication of chang-
ing vector distributions. The latter could include sites to measure altitudinal shifts
(e.g. malaria). Use of geographical comparisons based on remote sensing data
may offer additional insights into disease trends.

With all forms of monitoring, interpretation of the evidence will be strength-
ened by procedures for standardization, training and quality assurance/quality
control. Linkage of multiple data sets covering meteorology, health, intermedi-
ate stages (e.g. vectors, pathogens) and effect modifiers (land use, control pro-
grammes) also will be important. Most will be learned from long time series of
health changes in populations with steep climate-disease functions—for example,
on the edge of endemic areas for vector-borne diseases. Such monitoring will be
made more effective through international collaboration and integration with
existing surveillance networks.
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Introduction

Understanding of Earth’s climate systems has advanced substantially over the
past decade (1). Research has provided valuable information about the potential
health risks associated with climate change (2). Despite impressive progress in
climate science and health impacts research many unresolved questions remain.
While there are considerable uncertainties, as the knowledge base on climate
change and health impacts has grown, so has interest in developing response
options to reduce adverse health effects. That is, in addition to measures aimed
at reducing greenhouse gases and slowing climate change, measures can be
aimed at reducing adverse effects (or exploiting beneficial effects) associated 
with climate change. Even with reductions in greenhouse gas emissions Earth’s
climate is expected to continue to change so that adaptation strategies are viewed
as a necessary complement to mitigation actions. Past experience with climate
shows that there is substantial capacity to adapt to a range of conditions through
a wide variety of adaptation measures (2).

The purpose of this chapter is to describe adaptation in the public health
context. The first section defines adaptation and adaptive capacity as used in the
climate change community. A discussion of the need to consider adaptation when
assessing health impacts and vulnerability also is included. The next section maps
adaptation concepts into the more familiar public health concepts of primary,
secondary and tertiary prevention. The concept of coping ability is discussed in
the third section and adaptive capacity, including the determinants of adaptive
capacity, in the next. A brief description of research needs and concluding
thoughts complete this chapter. Chapter 12 provides real-world examples of
public health adaptations to climate and discusses policy implications.

Adaptation

Several definitions of climate-related adaptation can be found in the literature and
continue to evolve (see summary in Smit et al. (3)). Many definitions focus on
human actions (4, 5), some include current climate variability and extreme events
(6), others are limited to adverse consequences of climate change (5, 7). The Inter-
governmental Panel on Climate Change (IPCC) (2) has developed definitions of
adaptation and the closely related concept of adaptive capacity as follows:
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Adaptation: adjustment in natural or human systems in response to actual
or expected climatic stimuli or their effects, which moderates harm or
exploits beneficial opportunities.
Adaptive Capacity: the ability of a system to adjust to climate change (includ-
ing climate variability and extremes) to moderate potential damages, to take
advantage of opportunities, or to cope with the consequences.

These definitions are comprehensive in that they are not limited to either human
or natural systems: both current and future changes in climate are encompassed,
and beneficial as well as adverse effects of climate change are included. In this
chapter, the terms adaptation and adaptive capacity will be used as defined in
IPCC (2), although greater emphasis is placed on adaptations that cope with
adverse consequences of climate change. That is, the primary objective of adap-
tation in the public health context is to reduce disease burdens, injuries, disabil-
ities, suffering and deaths (8).

Adaptation, climate impacts, and vulnerability assessment

In order to assess health impacts of, and vulnerability to, climate change and
variability it is essential to consider adaptation (2). The ultimate objective of the
United Nations Framework Convention on Climate Change (9) (UNFCCC) is “to
achieve stabilization of atmospheric concentrations of greenhouse gases at levels
that would prevent dangerous anthropogenic (human-induced) interference
with the climate system . . .”. However, the UNFCCC does not define dangerous
levels, although it does refer to levels that “allow ecosystems to adapt, ensure
food production is not threatened, and enable economic development to proceed
in a sustainable manner” (9). As human population health also depends on these
factors, it can serve as an important integrating index of effects of climate change
on ecosystems, food supplies, and social-economic development (2). The extent
to which the health of human populations is vulnerable or in danger depends
on the direct and indirect exposures of human populations (e.g. through distur-
bances of ecosystems, disruptions in agriculture) to climate change effects; the
populations’ sensitivity to the exposure; and the affected systems’ ability to adapt.
To assess the human health risks associated with climate change, impact and vul-
nerability assessments must address adaptation (see Figure 11.1).

As shown in Figure 11.1, adaptation is considered both in the assessment of
impacts and vulnerabilities and as a response option (2). Due to the past accu-
mulation of greenhouse gases (atmospheric concentrations of CO2 have increased
31% since 1750), the long lifetimes of these gases and the thermal inertia of the
climate system, it is likely that global temperatures will increase and other aspects
of climate continue to change regardless of the coordinated international miti-
gation actions undertaken (8, 10). Further, it is unlikely that autonomous actions
undertaken by individuals or countries in reaction to climate health impacts will
fully ameliorate all impacts (they don’t now) (2, 11). As a result, it is prudent to
develop planned adaptation strategies that address future changes in climate and
impacts. Article 4.1 of the UNFCCC commits parties to formulate and implement
national and, where appropriate, regional programmes of “measures to facilitate
adequate adaptation to climate change”.

Although climate impact and vulnerability studies consider adaptation, they
rarely do more than identify potential adaptation options or model them in a
simple way, relying on a number of simplifying assumptions. Research is needed
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on the dynamics and processes of adaptation decision-making, including the roles
and responsibilities of individuals, communities, nations, institutions and the
private sector.

Adaptation and prevention

Many of the adaptive measures discussed in health impact and vulnerability
assessments are not unique to climate change (12, 13). In fact, the IPCC identi-
fied rebuilding public health infrastructure as “the most important, cost-effective
and urgently needed” adaptation strategy (2). Other measures endorsed by the
IPCC include public health training programmes; more effective surveillance and
emergency response systems; and sustainable prevention and control pro-
grammes. These measures are familiar to the public health community and
needed regardless of whether or not climate changes: they constitute the basis
of a “no-regrets” adaptation strategy.

Adaptive actions to reduce health impacts can be considered in terms of the
conventional public health categories of primary, secondary, and tertiary pre-
vention (8, 13, 14). Primary prevention refers to an intervention implemented
before there is evidence of disease or injury: avoiding hazardous exposure,
removing causative risk factors or protecting individuals so that exposure to the
hazard is of no consequence. For example, bed nets can be supplied to popula-
tions at risk of exposure to malaria and early warning systems (e.g. extreme heat-
health warnings, famine early warning) established to provide information on
hazards and recommended actions to avoid or reduce risks. Primary prevention
largely corresponds to anticipatory adaptation.

Secondary prevention involves intervention implemented after disease has
begun, but before it is symptomatic (e.g. early detection or screening), and sub-
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sequent treatment that averts full progression to disease. Examples include
enhancing monitoring and surveillance; improving disaster response and recov-
ery; and strengthening the public health system’s ability to respond quickly to
disease outbreaks. Secondary prevention is analogous to reactive adaptation.
Finally, tertiary prevention attempts to minimize the adverse effects of an already
present disease or injury (e.g. better treatment of heat stroke, improved diagno-
sis of vector-borne diseases). As the adverse health outcome is not prevented,
tertiary prevention is inherently reactive.

Climate-related adaptation strategies should not be considered in isolation of
broader public health concerns such as population growth and demographic
change; poverty; public health infrastructure; sanitation, availability of health
care; nutrition; dangerous personal behaviours; misuse of antibiotics; pesticide
resistance; and environmental degradation (12). All of these factors (and others)
will influence the vulnerability of populations and the health impacts they expe-
rience, as well as possible adaptation strategies.

Coping with climate

Past and current climates have been, and are, variable. This variability is likely
to continue with future climate change (1). In the popular literature, global
climate change frequently is called ‘global warming’” which focuses attention on
average global temperature change (a frequently cited IPCC number is average
surface air temperature change, projected to warm 1.4 to 5.8°C over the next
century). However, a change in climate actually occurs as changes in particular
weather conditions, including extremes, in specific places. In many cases the
meteorological variables of interest for public health are not averages and may
not be confined to temperature alone. For example, a 2°C increase in average
summer temperature in a specific urban area could result in both higher
maximum temperatures and an increase (potentially large) in the number of days
over some temperature threshold (say 35°C), each of which may be important
for human health effects associated with heatwaves (15). In addition, changes in
humidity and wind speed also may be important in terms of how people expe-
rience and are affected by these temperatures (16). Thus, adaptation to climate
change necessarily includes adaptation to variability (3, 17, 18).

Given current climate variability, climate change adaptations which enhance
a country’s coping ability can be expected to yield both near-term benefits, as
they enable countries to deal better with current variability, and the longer-term
benefits of being able to deal better with future climate (19, 20, 21). Such 
no-regrets adaptations are likely to be especially important for less developed
countries as they result in immediate benefits and are a useful first step in
strengthening capacity to deal with future changes (22).

Many social and economic systems have evolved to accommodate the normal
climate and some variation around this norm (see Figure 11.2). This evolution
takes place in a dynamic social, economic, technological, biophysical and politi-
cal context, which determines the coping ability of a region or country (2).
Coping ability is defined here as the degree to which the public health system
and individuals can deal successfully with health effects associated with current
climate conditions, including climate variability. It therefore reflects autonomous
and planned adaptations that have taken place over time and can be considered
the adaptation baseline (i.e. what can be done now given current resources, tech-
nology, human capital, institutions, etc.). As shown in Figure 11.2, this ability to
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cope with climate varies from place to place and may change over time, both in
response to changes in the factors noted above and to investments in specific
adaptations to climate (2).

For example, it has been noted that extreme weather events can have “vastly
different consequences for those on whom they infringe because of differences
in coping ability (19). There is extensive evidence that an extreme climatic event
will result in higher losses of life in a developing country than in a developed
country because of limited coping ability (23, 24, 25, 26). Cyclones in Bangladesh
in 1970 and 1991 are estimated to have caused 300000 and 139000 deaths
respectively (27). In contrast, Hurricane Andrew caused 55 deaths when it struck
the United States of America in 1992 (although estimated to have caused $30
billion in damages) (28). Similarly, 62514 cases of dengue fever were reported
in three Mexican states next to Texas (1980–1999) while only 64 cases were
reported across the border in Texas itself (12). This large difference has been
attributed in part to differences in living conditions, such as the presence of
window screens and air conditioning.
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FIGURE 11.2 Climate change and
coping ability. The top panel depicts the
situation of a country with a well-developed
public health system, able to successfully
deal with most variations in climate. The
second panel depicts a country barely able
to deal with the average climate, with little
or no capacity to address climate variability.
The third panel depicts a situation of
increasing coping ability due to investments
in adaptation, allowing the country to deal
with future mean climate and variability. The
last panel shows decreasing coping ability so
that even future average climate poses
health threats. Source: adapted from reference
2.
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Adaptive capacity

Adaptive capacity encompasses coping ability (i.e. what could be implemented
now to deal with current climate and climate variability) and strategies, policies
and measures that can expand future coping ability. Adaptive capacity is a the-
oretical construct because it is not possible to know with certainty whether a
country will invest resources to expand its coping ability, how technology and
other factors will change, or what adaptations actually will be implemented, until
a perturbation or stress occurs. For example, access to clean water and adequate
sanitation is part of the coping capacity for developed countries and some
economies in transition but part of the adaptive capacity of less developed coun-
tries (currently not available but possible with investment in water treatment
and sanitation facilities). While not certain, it is hoped that both clean water and
sanitation will become part of the adaptation baseline for all countries.

Decisions about public health measures unrelated to climate change, such as
sanitation and water treatment, may have a profound influence on health 
consequences associated with climate change. In fact, adaptation strategies fre-
quently are described as risk management and public health programmes can be
characterized as reducing climate change health risks (12, 29). Improved weather
warning and preparedness systems, buildings and infrastructure, all can be con-
sidered measures to reduce human health risks in the event of a changed fre-
quency of weather disasters. However, there is concern that the adaptive capacity
to address changes in the magnitude or frequency of extreme climatic conditions
may not be very high even though the adaptive capacity to gradual changes in
climate may be relatively high (30).

Highly-managed systems, such as agriculture and water resources in devel-
oped countries, are thought to be more adaptable (assuming resources to adapt
are available) than less-managed or natural ecosystems (20, 31, 32). Similarly,
systems that have coped successfully with historical and/or existing stresses are
expected to adapt well to stresses associated with future climate change (33).
Both these premises assume that a country’s coping ability is maintained or
enhanced. Unfortunately, there are numerous examples in public health where
this capability is not maintained once the health threat has been brought under
control. Thirty years ago the threat of infectious diseases appeared to be decreas-
ing due to advances in antibiotic drugs, vaccines, and chemical pesticides among
other developments. Today, most health professionals agree that there has been
a general resurgence of infectious diseases throughout the world, partly due to
the deterioration of public health infrastructures worldwide (34, 35).

These types of simple assumptions concerning adaptability (i.e. highly
managed systems are more adaptable, past successes are likely to continue into
the future) have formed the basis for broad assessments of sensitivity and adapt-
ability (36). Based on these factors, usually it is asserted that much can and will
be done to reduce the impacts of climate change. However, it is not clear how
much adaptation actually will take place given the number of uncertainties sur-
rounding climate change adaptation. These include uncertainties about future
climate (especially how extremes may change), potential effects and underlying
determinants of adaptive capacity (i.e. how future institutions, technologies,
skills, knowledge will evolve). In addition, there are many unknowns with
respect to costs, feasibility, unintended consequences and effectiveness of 
adaptations (2).
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Determinants of adaptive capacity

Research on adaptive capacity in climate change is very limited and is a key
research need (2). However, substantial literature in other fields (economic
development, sustainable development, resource management) can provide
insights into the likely key determinants of adaptive capacity. These represent
conditions that constrain or enhance adaptive capacity and hence the vulnera-
bility of regions, nations and communities. Consideration of these determinants
provides another pathway to the overarching goal of protecting and enhancing
human health. The IPCC identified the main features of communities or regions
that seem to determine their adaptive capacity: economic wealth, technology,
information and skills, infrastructure, institutions and equity. In addition, for
public health, the current health status and pre-existing disease burdens must be
considered.

Economic resources

The economic status of nations, described in terms of GDP, financial capital,
wealth, or some other economic measure, clearly is a determinant of adaptive
capacity (37, 38). It is widely accepted that wealthy nations have a greater capac-
ity to adapt because they have the economic resources to invest in adaptive mea-
sures and to bear the costs of adaptation (20, 39). It is also recognized that poverty
is related directly to vulnerability (19, 40) and that the poorest groups in the
poorest countries are the most vulnerable to health impacts of climate change
(2).

Approximately one-fifth of the world’s population lives on less than US $1 per
day. Excluding the three WHO sub-regions with very low child and adult mor-
tality,1 a strong gradient of increasing child underweight with increasing absolute
poverty was found in the remaining eleven (41). Unsafe water and sanitation
and indoor air pollution also are associated with absolute poverty in these 
sub-regions.

The feasibility of adaptation options for many poor countries is constrained by
a lack of resources (29). Table 11.1 provides estimates of expenditures on health
for the world and by income groups and regions. In 1998 an average of I$523
per person was spent on health services.2 This average varied significantly across
both countries and regions, ranging from only I$82 per person in Africa to I$2078
in the OECD countries (42). Countries with low health expenditures also have
poorer health status. The median health-adjusted life expectancy (HALE) in
countries that spend less than I$200 per capita on health is 47.1 years (43). 
Adequate expenditure for health care and public health prevention programmes
are fundamental needs for adaptation to climatic change (8).

Income growth, improved educational levels and consequent improvements
in nutrition and sanitation have contributed to significant improvements in
health and declines in mortality in the twentieth century (44, 45). The link
between economic resources and health can be illustrated further by consider-
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1 The 191 Member States of the WHO have been divided into five mortality strata on the basis
of their level of child and adult male mortality. The matrix defined by the six WHO Regions
and the five mortality strata leads to 14 sub-regions, since not every mortality stratum is 
represented in every region. See WHO 2002 (41) for details.

2 The “international dollar” (I$) estimates are converted from local currency at purchasing
power parity rates.



ing episodes of sharp economic downturns that reduce a country’s resources to
invest in public health. Combined with poor policy decisions and implementa-
tion, adverse economic conditions led to reductions in health expenditures in
many developing countries and countries of the former Union of Soviet 
Socialist Republics in the 1980s (46).

Research also has begun to reveal the linkage between health and economic
growth. While not definitive, this research consistently finds strong relationships
between health, as measured by health indicators such as survival rates and life
expectancy, and income levels or economic growth rates (47, 48). Simultaneous
impacts of health on wealth and vice versa have been found (49). Improvements
in health affect economic growth directly—“healthier people are more produc-
tive”—and indirectly, through effects on demography (45). Research on the
effects of geography and climate on income suggests that the interaction of trop-
ical climate and diseases, particularly malaria, can significantly affect economic
performance (50). Another study found that lagging health and agriculture tech-
nology in the tropics opened a substantial income gap between climate zones
(51). Other researchers found that the much route by which “tropics, germs, and
crops” affect economic development is through institutions, rather than by
directly affecting countries’ incomes (52).

Technology

Advances in technology, such as new drugs or diagnostic equipment, can increase
substantially our ability to solve health problems (53). More generally, the avail-
ability and access to technology at the individual, local, and national levels, in
key sectors (e.g. agriculture, water resources, health) is an important determi-
nant of adaptive capacity (2). Many of the adaptive strategies that protect human
health involve technology (e.g. warning systems, air conditioning, pollution con-
trols, housing, storm shelters, vector control, vaccination, water treatment and
sanitation). While much of this technology is well established (water treatment,
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TABLE 11.1 Health spending in 1998, by income groups and regions.

Income group/region Total health Per capita health Share of GDP (%)
expenditure expenditure (I$)
(in millions of I$)

World 3072485 523 7.9
Income group

<1000 9985 24 3.4
1000–2200 156438 88 4.5
2200–7000 518710 206 5.1
>7000 2387353 2042 9.6

Region
Africa 50170 82 5.1
Americas 176223 438 7.0
Middle East 80932 176 4.8
Eastern Europe and 99761 281 5.7

Central Asia
OECD 2317247 2078 9.7
South Asia 141262 95 4.4
Asia and Pacific 206891 142 4.4

Note: I$ are converted from local currency at purchasing power parity rates.
Source: reproduced from reference 42. See Poullier et al. for list of countries in region.



sanitation), some is relatively new and still being disseminated (well-equipped
mobile laboratories, computer information and reporting systems which can
support disease surveillance). In other cases there is a need for new technologies
(new vaccines and pesticides) to enhance the ability to cope with a changing
climate. Countries that are open to the use of technologies and can develop and
disseminate new technologies have enhanced adaptive capacity (2).

It is important to assess in advance any risks to health from proposed tech-
nological adaptations (11, 13, 22). Increased use of air conditioning would protect
against heat stress but could increase emissions of both greenhouse gases and
conventional air pollutants. Similarly, if new pesticides are used to control disease
vectors their effects on human health, insect predators, and increased insect resis-
tance to pesticides all need to be considered (11, 12). New chemicals or treat-
ments for vector control must be effective but their breakdown products should
be non-toxic and non-persistent. The migration of potentially hazardous 
compounds into air and water should be avoided.

Information and skills

In general, countries with higher levels of “human capital” or knowledge are
considered to have greater adaptive capacity (54). The UN reports that more than
850 million people in developing countries are illiterate and about 90 million
children worldwide are denied any schooling, raising concerns about their vul-
nerability to a range of problems (55). Table 11.2 provides estimates of illiteracy
rates by income group and region. Illiteracy, as well as poverty, has been listed
as a key determinant of low adaptive capacity in north-east Brazil (56). As many
adaptive measures involve implementation of effective health education pro-
grammes, a high level of illiteracy can seriously compromise their effectiveness.
Some of the simple, low-cost, low-technology measures to reduce health effects
(e.g. using sari cloth to filter drinking water, removing containers around
dwellings that provide habitat for disease vectors) involve educating the public
on the feasibility and effectiveness of such measures.
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TABLE 11.2 Illiteracy rates in 2000, by income groups and regions.

Income group/region Illiteracy rate, adult male Illiteracy rate, adult female
(% males ages 15 and above) (% females ages 15 and above)

World 17.02 30.31
Income group

Low income 28.29 46.85
Lower middle income 9.22 21.47
Middle income 9.17 19.51
Upper middle income 8.95 10.82
High income . . . . . .

Region
East Asia and Pacific 8.09 21.16
Europe and Central Asia 1.38 4.05
Latin America and Caribbean 10.7 12.5
Middle East and North Africa 24.85 45.96
South Asia 33.85 57.3
Sub-Saharan Africa 30.14 46.66

Source: reproduced from reference (57). See the World Development Indicators database of list of countries in
region.



Lack of trained and skilled personnel may restrict a nation’s ability to imple-
ment adaptation measures (11). Health systems in particular are labour intensive
and require qualified and experienced staff to function well (53). Health “human
capital” can be increased through investment in education and training. Human
capital does not deteriorate with use, but can depreciate as old skills become
obsolete with the advent of new knowledge, methods, and technologies (53). In
addition, individuals’ retirement and/or deaths result in the loss of their skills
and accumulated knowledge.

Effective adaptation will require individuals skilled at recognizing, reporting
and responding to health threats associated with climate change. Researchers
trained in epidemiology and laboratory research will be needed to provide a
sound basis for surveillance and response. Social scientists can contribute to an
understanding of social behaviours and demographics as they relate to causes
and control of diseases. Skilled public health managers, who understand sur-
veillance and diagnostic information, will be needed to mobilize the appropriate
response. People trained in the operation, quality control and maintenance of
public health infrastructure, including laboratory equipment, communications
equipment, and sanitation, wastewater, and water supply systems also are
required (53).

Infrastructure

Adaptive capacity is likely to vary with the level of a country’s infrastructure (2)
(see Table 11.3 for estimates of access to water supply and sanitation infrastruc-
ture). Adaptive responses to health impacts of climate change are enhanced by
infrastructures specifically designed to reduce vulnerability to climate variability
(e.g. flood control structures, air conditioning, building insulation, stringent
building codes, etc.) and general public health infrastructures (e.g. sanitation
facilities, waste water treatment, water supply systems, laboratory buildings).

Infrastructure such as roads, rails and bridges, water systems and drainage,
mass transit and buildings can reduce vulnerability to climate change (2). It also
has the potential to be adversely impacted (especially if immovable), which can
increase vulnerability to climate change. Flooding can overwhelm sanitation
infrastructure and lead to water-related illnesses (8, 12). After Hurricane Mitch
hit Central America, severe damage to the transportation infrastructure made it
more difficult to assist affected populations (2). Similarly, damage to transporta-
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TABLE 11.3 Water supply and sanitation coverage in 2000 by region (% of
population served).

Region Water Supply Sanitation

Total Urban Rural Total Urban Rural

World 82 94 71 60 86 38
Region

Africa 62 85 47 60 84 45
Asia 81 93 75 48 78 31
Latin America and the Caribbean 85 93 62 78 87 49
Oceania 88 98 63 93 99 81
Europe 96 100 87 92 99 74
Northern America 100 100 100 100 100 100

Source: reproduced from reference 58. See WHO and UNICEF, 2000 for list of countries in region.



tion infrastructure during the east Africa floods of 1998 and Mozambique floods
in 2000 hampered relief efforts (2).

Institutions

Social institutions are considered an important determinant of adaptive capacity.
Those countries with less-effective institutional arrangements, commonly devel-
oping nations and those in transition, have a lower capacity to adapt than coun-
tries with well-established and effective institutions (2). Inadequate institutional
support frequently is cited as a hindrance to adaptation. Institutional deficien-
cies and managerial weaknesses are cited as contributing to Bangladesh’s 
vulnerability to climate change (2). The Democratic People’s Republic of Korea
experienced strong storms with torrential rain in 1995 and 1996, followed by
droughts in 1997 and 1998. Estimates of deaths from famine since 1995 range
from 220000 to 2 million (59). While there were widespread crop failures, the
agricultural system’s inability to meet the needs of the people is not new. Other
features of this society including economic isolation, lack of reserves, highly cen-
tralized arrangements for storage and redistribution of foods, lack of variety in
agricultural practice and a strictly hierarchical political system exacerbated the
situation (60). The IPCC (2) cites “institutional inertia” in the Asia region as lim-
iting investment in environmental protection and increasing climate risks. Incon-
sistent and unstable agricultural policies have increased the vulnerability of food
production in Latin America (2). Political upheavals in African countries, with
the accompanying political and economic instability, constrain the implementa-
tion of adaptation measures (2). Health systems should offer protection against
disease, because of economic and social crises these have (in extreme cases)
either collapsed or not been built in many countries (35).

The complex interaction of issues expected with climate change will require
new arrangements and collaborations between institutions to address risks effec-
tively, thereby enhancing adaptive capacity. The Environmental Risk Manage-
ment Authority in New Zealand involves collaboration between the health,
forestry, environment and conservation sectors (8). Similarly, nations and inter-
national organizations such as WHO can cooperate in coordinating surveillance
and response activities to address disease threats more effectively (34).

Finally, increased collaboration between the public and private sectors can
enhance adaptive capacity. The Medicines for Malaria venture—a joint initiative
by the public and private sectors to develop new antimalarial drugs—is devel-
oping new products for use in developing countries (53). Another example is
drug donations by industry to help eliminate infectious diseases in developing
countries (53). Such collaborations have the potential substantially to reduce
health impacts associated with climate change.

Equity

Frequently it is argued that adaptive capacity will be greater if access to resources
within a community, nation, or Earth is distributed equitably (2, 61, 62). Uni-
versal access to quality services is a bedrock principle of public health. However,
while many have broad and advanced access to health care, many have been
denied access. WHO estimates that the developing world carries 90% of the
disease burden, yet poorer countries have access to only 10% of the resources
for health (53).
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Demographic variables such as age, gender, ethnicity, educational attainment
and health often are cited in the literature as related to the ability to cope with
risk (11, 37, 63). WHO notes that for a large group of people long-term unem-
ployment results in exclusion from the mainstream of development and society
(64). The combination of homelessness and lack of access to financial resources
and infrastructure restricts adaptation options (2). Similar conclusions about the
marginalization of minority groups have been drawn (65).

Health status and pre-existing disease burdens

Population well-being is an important ingredient and determinant of adaptive
capacity. Table 11.4 provides estimates of deaths and disability-adjusted life years
for 2001 (41). Great progress has been achieved in public health, particularly
through the improvement of drinking water and sanitation; development of
national health systems; introduction of antibiotics and mass immunization; and
the improvement of nutrition. Yet 170 million children in poor countries are
underweight: over 3 million of them die each year as a result. The African region
remains the region most affected by infectious and parasitic diseases. Malaria,
HIV/AIDS, childhood vaccine preventable diseases and diarrhoea represent the
highest estimated deaths in Africa. Malaria is estimated to have caused 963000
deaths and the loss of around 36 million years of “healthy” life in this region in
2001.

Non-communicable diseases, in particular cardiovascular diseases, represent
the highest mortality in countries with very low child and adult mortality.
However, they are now becoming more prevalent in developing nations, where
they create a double burden of disease—a combination of long-established infec-
tious diseases and increasing chronic, noncommunicable diseases. For example,
countries in south-east Asia with high child and adult mortality show an esti-
mated 2.7 million deaths from infectious and parasitic diseases, 3.2 million from
cardiovascular diseases.

Research needs

Few studies of climate change and health go beyond identifying adaptation
options that might be possible and/or incorporating simplified representations of
adaptive responses. It is important to improve understanding of the process of
adaptation. This includes gaining better knowledge of the processes of adapta-
tion decision-making; roles and responsibilities in adaptation of individuals, com-
munities, nations, institutions and the private sector; conditions that stimulate
or act as a barrier to adaptation; and what level of certainty is needed for public
health decision-makers to act.

Research on barriers and opportunities for enhancing adaptive capacity in
order to protect human health, as well as potential interactions with ongoing
development projects and programmes, also is a key research need.

Determining the benefits of health adaptations—reduction in the effects of
climate change on health—is likely to be complex and controversial. In general,
there is little scientific literature on the population burden of disease attributable
to current or future climate change (2) (but see chapter seven), and much less
on the economic and non-economic valuation of those effects. There is there-
fore little basis for making aggregate estimates of the costs avoided (or benefits
gained) by successful adaptation measures to compare with the costs of such
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measures. Information on costs and benefits of adaptation measures is likely to
be important for decision-makers.

Finally, integrated frameworks will be needed to evaluate adaptation options.
Designing such frameworks is challenging because they must organize informa-
tion from a wide array of sources, including: epidemiological studies; models that
incorporate identified exposure-response relationships to project future health
outcomes; adaptation options; cost and effectiveness analyses; monitoring and
evaluation systems; and feedback from decision-makers.

Conclusions

Building capacity is an essential step in preparing adaptation strategies. Educa-
tion, awareness raising and the creation of legal frameworks, institutions and an
environment that enables people to take well-informed, long-term, sustainable
decisions, all are needed. Building adaptive capacity in public health will require
a forward-looking, strong and unifying vision of health care in the twenty-first
century as well as an understanding of the problems posed by climate change.
However, it must be stressed that adapting to climate change will require more
than financial resources, technology, and public health infrastructure. Human
resources and knowledge are critical; institutions that are committed to and
support the goals articulated in “Health for All by the Year 2000” are essential.
The public health community is in a key position to help nations face the health
challenges associated with climate change.
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Introduction

Climate change poses risks to human health, ecosystems, social and cultural
systems, and economic development. It also provides opportunities. The goals 
of climate policy should be to reduce the risks and take advantage of the 
opportunities.

Adapting to the potential effects of climate change is a complex and ongoing
process requiring actions by individuals, communities, governments and inter-
national agencies. In order to make informed decisions, policymakers will 
need timely and useful information about the possible consequences of climate
change, people’s perceptions of whether the consequences are positive or nega-
tive,4 available adaptation options, and the benefits of slowing the rate of climate
change. The challenge for the assessment community is to provide this infor-
mation. Assessments must be made of the potential consequences of climate
change, as well as of opportunities to adapt in order to reduce the risks, or take
advantage of the opportunities, presented by change.

A policy-focused assessment5 is an ongoing process designed to provide timely
and useful information to decision-makers (1). Assessment products that address
decision-makers’ specific questions must be produced so that they coincide 
with decision points. Decisions will be made, including decisions to do nothing,
whether or not the science is complete and the scientific community is prepared
to provide input (2). Decisions made today might influence future opportunities
to mitigate greenhouse gas emissions and to adapt to a changing climate.

Once policymakers have received information from the assessment com-
munity, their challenge is to integrate this information (where appropriate) to
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develop a policy portfolio consisting of a sensible mix of approaches for reduc-
ing the risks and taking advantage of the opportunities presented by climate
change. An array of response options exists, including actions to mitigate green-
house gas emissions in order to slow the rate of climate change; actions to adapt
to a changing climate in order to increase society’s resilience to change; com-
munication strategies to increase public awareness of climate change; invest-
ments in monitoring and surveillance systems; and investments in research to
reduce key policy-relevant uncertainties and increase understanding of the
potential effects of climate change.

The challenge for decision-makers is complicated by the fact that climate
change is only one of many factors that influence human health, ecosystems and
social well-being. Climate change cannot be considered in isolation from other
important stresses. Earth’s ecological, socioeconomic and climate systems are
closely linked (3). Human health is affected by a variety of social, political, eco-
nomic, environmental, technological and demographic factors, including:

• urbanization
• level of economic development and availability of wealth (e.g. funds avail-

able for research, sanitation, surveillance and monitoring)
• technological innovation (can pose its own environmental and health risks)
• scientific breakthroughs
• individual behaviour
• environmental conditions (e.g. air or water quality).

Any public health programme should consider these factors holistically to iden-
tify the important stressors and the most effective remedial mechanisms. The
resources available to the public health community need to be shared among a
variety of public health problems (and other problems of concern to society),
therefore the ideal situation is to direct resources to their highest valued uses for
the greatest public good. Often it is said that public health resources are scarce,
in the sense that a resource is scarce if it is desired but limited.

“Highest valued” is a value-laden concept and therefore a social choice, not a
scientific decision. It may include equity considerations (e.g. a decision that leads
to differential health impacts among different demographic groups), efficiency
considerations (e.g. targeting those programmes that will save the greatest
number of lives) and political feasibility. It may also include ethics considera-
tions, which are particularly important in public health. The practice of public
health is guided by four ethical principles (4): respect for autonomy, nonmalefi-
cence, justice and beneficence. Beneficence, the principle of doing good, is the
dominant ethical principle of public health—but may not be the dominant value
for decision-makers faced with competing demands. Respect for autonomy
means concern about human dignity and freedom, and the rights of individuals
to make choices and decisions for themselves, rather than others deciding for
them. Nonmaleficence is the principle of not harming, derived from the ancient
medical maxim: first, do no harm. Justice in this sense means social justice—
fairness, equity and impartiality.

Public health frequently is faced with situations where it is not possible to
uphold each of these principles. For example, a decision to quarantine a group
of individuals to prevent the spread of a communicable disease emphasizes benefi-
cence over the respect for autonomy and justice. Public health places the need
to protect society as a higher imperative than the rights of an individual. Public
health practitioners believe that as long as the community perspective (driven
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by shared customs, institutions and values) and the perspective of a common
good (including the desire to reduce disease, save lives and promote good health)
remain intact, actions can be taken that limit individual autonomy and justice.
Nevertheless, there isn’t always consensus—even among public health officials—
on the best way to promote the public’s health and how to weigh individual lib-
erties against the welfare of the whole.

Decision-makers outside the public health community are faced with similar
challenges. Climate change affects multiple sectors and resources including (but
not limited to) agriculture, forestry, water resources, air quality, ecosystems and
biodiversity, and cultural resources. Stakeholders with an interest in each of these
may have conflicting desires and conflict resolution is likely to be required.
Policy-makers dealing with multiple social objectives (e.g. elimination of poverty,
support for agriculture, promotion of economic growth, protection of cultural
resources) and competing stakeholder desires must make difficult choices as they
allocate scarce human and financial resources. For this reason, the Intergovern-
mental Panel on Climate Change (IPCC) suggested that it is helpful to view
climate change as part of the larger challenge of sustainable development (5).
Climate policies, including those intended to protect public health, can be more
effective when consistently embedded within broader strategies designed to make
national and regional development paths more sustainable. The impact of climate
variability and change, climate policy responses, and associated socioeconomic
development will affect the ability of communities to achieve sustainable devel-
opment goals. Conversely, the pursuit of sustainable development goals will
affect the opportunities for, and success of, climate policies.

This chapter addresses the health impacts assessment community’s challenge
to provide timely and useful information to decision-makers. We discuss the
notion of policy-focused assessment and demonstrate how it can be a bridge
between the research community and decision-makers. The key characteristics
of a successful policy-focused assessment are identified. Case studies are pre-
sented to illustrate how actions and policy decisions already have been informed
in a timely and useful way by policy-focused assessments.

A theme that pervades the entire chapter is that the existence of scientific
uncertainty about climate change and its potential health impacts does not 
preclude policy-makers from taking actions now in anticipation of the health
impacts of climate change. In fact, decisions are made every day where uncer-
tainties about factors unrelated to climate are as high or higher than those asso-
ciated with climate change (e.g. the financial markets). While there is uncertainty
about some future climatic changes, also there are some for which there is rel-
ative certainty (5). The process of policy-focused assessment receives increased
attention because of the need, the imperative, for scientists to provide timely
insights to risk managers who must make decisions every day despite the exis-
tence of scientific uncertainties. A community building a drinking water plant 
in a coastal zone today cannot wait for projections of future sea level rise to be
perfected. Decisions about plant location and investments in water purification
equipment that may have a long lifetime will be made despite the existence of
uncertainties. Policy-focused assessments analyse the best available scientific 
and socioeconomic information to answer questions posed by risk managers.
They characterize and, if possible, quantify remaining scientific uncertainties and
explain the potential implications of the uncertainties for the outcomes of
concern to the decision-makers.

Ultimately, it is society’s choice to decide whether a perceived risk (however
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large or small) warrants action. The existence of scientific uncertainties, by itself,
is not an excuse for delay or inaction on the part of decision-makers.

Boundaries between assessment and policy formation

Only society can decide whether or not particular risks and opportunities are of
concern. The extent to which it is willing to expend resources to avoid the effects
of climate change will depend in part on its perceptions of the risks posed, per-
ceived costs of the effort and how much it is willing to risk possible negative con-
sequences (6, 7). Strategies to cope with or take advantage of climate change or
to mitigate greenhouse gas emissions compete for scarce resources that could be
used to address other societal problems (e.g. health care and poverty) that will
be of varying degrees of concern to different individuals and groups.

Society is composed of individuals and groups that often have very different
interests, motivations and levels of access to levers of power. The process by
which society makes decisions to form and implement policy is complex. For this
reason, care must be taken to respect the boundary between assessment and
policy formation. Policy-focused assessment is an ongoing process, the goal of
which is to inform policy decisions in a timely fashion. However an assessment
should not make specific policy recommendations, unless commissioned by a
deliberative, decision-making body that asks explicitly for these. In order to
maintain the credibility, usefulness and effectiveness of the assessment process,
a policy-focused assessment must be divorced from the actual process by which
policy decisions are made. The process must be not only apolitical and unbiased,
but also perceived as such by all parties participating in the assessment process,
including decision-makers relying upon the results of the assessment.

It is the job of policy-makers, not researchers, to decide which criteria should
be used. Such decisions are informed by the science but include other consider-
ations that reflect societal values (e.g. equity considerations) and other factors
affecting decision-making (e.g. political feasibility).

Decision-making criteria

Many criteria and approaches exist for making decisions under uncertainty. One
criterion that increasingly has been included in national legislations and inter-
national treaties is the precautionary principle. This is a risk management policy
that is applied when a potentially serious risk exists but with significant scien-
tific uncertainty (8). Like other approaches, it requires that decision-makers take
into account the likelihood of a particular health hazard and the nature and scale
of the consequences should it occur. The precautionary principle allows some
risks to be deemed unacceptable not because they have a high probability of
occurring but because there may be severe or irreversible consequences if they
do. This was featured in the 1992 Rio Declaration on Environment and Devel-
opment as principle 15 (9):

“In order to protect the environment, the precautionary approach shall be widely
applied by States according to their capabilities. Where there are threats of serious
or irreversible damage, lack of full scientific certainty shall not be used as a reason
for postponing cost-effective measures to prevent environmental degradation.”

The precautionary principle is one approach to risk management. There are other
criteria and approaches for making decisions under uncertainty. One example is
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the “benefit-cost” criterion that weights the expected benefits and expected costs
of an action taken to address an uncertain health risk. The benefit-cost criterion
is straightforward: if the winners under a proposed policy value the change more
highly than do the losers, it is said that the policy has positive net benefits and
enhances efficiency (10). In calculating net benefits, allowance must be made for
the possibility that benefits and costs may not accrue instantaneously, but over
time. Discounting is the process by which measured future economic effects are
transformed into their present values and compared. The weight given to bene-
fits and costs at different points in time is critical and determined by the discount
rate that is used. The evaluation of projects and their relative rankings accord-
ing to a benefit-cost criterion is highly sensitive to the discount rate, particularly
when the time-paths of benefits and costs are markedly different.

There are questions about how benefits and costs should be measured and how
they should be compared among different societies. Often, benefits and costs must
be measured using different metrics. Benefits frequently are measured in non-
monetary terms (e.g. fewer hospital visits, fewer days of work/school missed,
QALYs, DALYs) while costs are measured in dollar terms (e.g. the price of a smoke-
stack or catalytic converter). These differences in metrics can lead to debate.

The benefit-cost criterion emphasizes the efficient use of scarce resources. It
is not, however, a criterion for dealing with equity. As environmental issues (like
climate change) become more complex, global and long-term in nature, policy
analysts increasingly are questioning whether the process of discounting in
benefit-cost analysis biases decisions against the interests of future generations.
Such issues have the potential for catastrophic outcomes in the distant future
that would be trivialized by the process of discounting. Despite these concerns
benefit-cost analysis should not be dismissed completely. This would only deprive
decision-makers of one set of insightful information. Further, advances have
been made in the development of discounting approaches that account for situ-
ations in which the length of the stream of benefits from an environmental policy
increases relative to the cost stream, and in which lags may exist between the
time that costs are incurred and benefits are realized (e.g. health effects with
latency periods) (11, 12).

Decision-support tools

Once society has made a decision to act, the choice of a “best” policy for coping
with climate change is a decision inherently dependent upon social values and
selection criteria that must be identified by decision-makers and stakeholders
(not by researchers or assessors). Policy decisions often are complex because of
the need to consider multiple social objectives and to assess the importance and
relevance of these in some consistent way—which requires their own set of tools
(13). Another important role for the assessment community is to develop deci-
sion-support tools that will help risk managers organize and visualize informa-
tion, analyse potential trade-offs between social objectives as they make decisions
under uncertainty and understand the implications of remaining scientific uncer-
tainties for the outcomes they care about.

Response options

An array of response options exist should society decide to expend resources to
protect public health, ecosystems and social well-being from climate change. The
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CASE STUDY #1 Hantavirus pulmonary syndrome in the southwestern
United States of America

Insights from this case study
The following case study illustrates how a policy-focused health-impacts assessment ultimately can
lead to on-the-ground interventions to prevent disease and protect the public’s health. Using infor-
mation derived from an assessment of the environmental conditions associated with outbreaks of
hantavirus pulmonary syndrome, decision-support tools in the form of risk maps have been devel-
oped that support public health officials trying to prevent outbreaks in the southwestern United States
of America. This case study is based on the work of Glass et al (14).

Motivation for the assessment
In 1993, a disease characterized by acute respiratory distress with a high death rate (>50%) among
previously healthy persons was identified in the southwestern United States. Hantavirus pulmonary
syndrome (HPS) was traced to a virus maintained and transmitted primarily within populations of a
common native rodent, the deer mouse.

After the outbreak, researchers hypothesized that it was due to environmental conditions and
increased rodent populations caused by unusual weather associated with the El Niño Southern 
Oscillation (ENSO) in 1991–92. It was suggested that a cascading series of events from weather
(unseasonable rains in 1991 and 1992, mild winter of 1992) through changes in vegetation, to virus
maintenance and transmission within rodent populations, culminated in changes in human disease risk
from HPS. Public health officials wanted to understand the cause of the outbreak in order to develop
effective techniques for intervention and prevention of the disease.

Results of the assessment
A study at The Johns Hopkins School of Hygiene and Public Health, sponsored by the United States
Environmental Protection Agency (EPA), explored this hypothesis by comparing the environmental
characteristics of sites where people were infected with those sites where people were not. This
research found that high-risk areas for hantavirus pulmonary syndrome can be predicted over six
months in advance based on satellite generated risk maps of climate-dependent land cover. Predicted
risk paralleled vegetative growth, supporting the hypothesis that heavy rainfall from El Niño in 1992
was associated with higher rodent populations that triggered the hantavirus outbreak in 1993. Landsat
satellite remote sensing images from 1995, a non El Niño “control” year, showed low risk in the
region: images from the 1998 strong El Niño again showed high risk areas as in 1992–93. Trapping
mice in the field (collectors blinded to risk category) validated these satellite generated risk maps
with mouse populations directly related to risk level, with a correlation factor of over 0.90. Risk clas-
sification also was consistent with the numbers of HPS cases in 1994, 1996, 1998, and 1999. This
information was used to develop an early warning system, with intervention strategies designed to
avoid exposure.

These strategies, developed in partnership with the centers for Disease Control and Prevention
(CDC) and the Indian Health Service, already are being implemented for disease prevention in the
south-west by the United States Department of Health and Human Services.

mitigation of greenhouse gases provides a mechanism for slowing, perhaps 
eventually halting, a build-up of greenhouse gases in the atmosphere. There is
growing concern over the need to slow the rate of growth of atmospheric 
concentrations of greenhouse gases, particularly from anthropogenic sources. As
noted in the 1995 Second Assessment of the Intergovernmental Panel on Climate
Change: “with the growth in atmospheric concentrations of greenhouse gases,
interference with the climate system will grow in magnitude, and the likelihood



of adverse impacts from climate change that could be judged dangerous will
become greater” (15). More recently, the IPCC 2001 Third Assessment concluded:
“there is new and stronger evidence that most of the warming observed over the
last 50 years is attributable to human activities”. The potential for unexpected,
large and rapid climate changes (surprises) may increase due to the non-linear
nature of the climate system. A slowing of the rate of warming could yield impor-
tant benefits in the form of reduced impacts to human health and other systems.

Adaptation is another important response option (6). As discussed in chapter
11, adaptive responses are those actions taken to enhance the resilience of 
vulnerable systems, thereby reducing damages from climate change and climate
variability. Adaptation in the form of adjustments in behaviours, practices,
processes, or structures of systems is important for protecting human health from
the risks posed by climate change and for exploiting beneficial opportunities pro-
vided by a changing climate. Actions may be taken in reaction to climate change
as it occurs (reactive adaptation) or in anticipation of future climate change
(anticipatory adaptation).

Adaptation strategies need to be considered as part of any policy portfolio.
Some level of climate change is inevitable since the climate is already changing
and mitigation efforts over the near future cannot stop climate change, only slow
the rate of change. Some of this change will occur as the result of natural cli-
matic variation, some as the result of human activities that already have altered
the atmosphere and committed us to future climate change. Regardless of the
source of change, systems that are sensitive to changes in climatic conditions will
be affected, including human health. Failure to invest in adaptation may leave
a nation poorly prepared to cope with adverse changes and take advantage of
opportunities, thereby increasing the probability of severe consequences (16).

Communication of information about climate change, potential health impacts
and response strategies is itself a public policy response to climate change. The
development and implementation of monitoring and surveillance systems and
investments in research, also are adaptive responses. All of these should be con-
sidered when developing portfolios of policies for responding to climate change.

Expenditures on adaptation and mitigation measures will likely not be politi-
cally feasible unless an informed public understands the potential consequences
of climate change and decides that there is a need to respond. An informed public
also is required to ensure the continued effectiveness of any adaptation and 
mitigation policies that are implemented.

Monitoring and surveillance systems are integral and essential to providing
the necessary information and continuity in the data to support decisions by
public health officials (17). Sustained investments in monitoring systems and
their evolution are critically important for tracking changes in the environment,
particularly those factors that affect human health. Monitoring systems also are
required to track the effectiveness of adaptation and mitigation policies on an
ongoing basis. Investments in public health surveillance systems are important
for detecting changes in health status and the potential effects of climate change
(18). Vital elements of such a system are:

• a rapid and comprehensive communications network
• accurate, reliable, laboratory-based diagnosis capabilities in host countries

or regional centres
• a mechanism for rapid response.
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The functioning of such systems would be aided by heightened cooperation
among local, regional, national and international health organizations (19).

Ongoing investments in research are necessary to provide the scientific infor-
mation required for the conduct of policy-focused assessments. Research and
assessment activities are complementary. Regular interactions between assess-
ment processes and research activities can help ensure that the ongoing pro-
duction of scientific information will help to answer new stakeholder questions
as they emerge. When successfully implemented, such interactions permit the
research community (health, physical, biological and social sciences) to identify
and communicate new information and data to the assessment and policy com-
munities on a regular basis. At the same time assessments identify and prioritize
research needs in order to better answer questions being asked by the stake-
holder community.

Building the bridge from science to policy:
policy-focused assessment

Policy-focused assessment is a process that can help resource managers and other
decision-makers to meet the challenge of assembling an effective policy port-
folio. As noted earlier, it is a process by which the best-available scientific infor-
mation can be translated into terms that are meaningful to policy-makers. A
policy-focused assessment is more than just a synthesis of scientific information
or an evaluation of the state of science. Rather, it involves the analysis of infor-
mation from multiple disciplines—including the social and economic sciences—
to answer the specific questions being asked by stakeholders. It includes an
analysis of adaptation options to improve society’s ability to respond effectively
to risks and opportunities as they emerge.

Policy-focused health assessments should be designed to identify key stresses
on human health within a particular region or community under current cli-
matic conditions, and the extent to which society is vulnerable to these stresses.
Formulation of good policy requires understanding of the variability in vulner-
ability across population sub-groups and the reasons for that variability. The 
vulnerability of a population is a function of the:

• extent to which health, or the natural or social systems on which health
outcomes depend, are sensitive to changes in weather and climate (expo-
sure-response relationships);

• exposures to the weather or climate-related hazards;
• population’s ability to adapt to the effects of the weather or climate-related

hazards.

Understanding a population’s vulnerability to climate variability and change thus
depends on knowing the baseline associations between specific health outcomes
and specific weather and climate conditions. It also depends on the capacity of
individuals and the population to adapt to changes in weather and climate con-
ditions. The consequences are not just severe in countries with less adaptive
capacity but also within specific communities and regions with less adaptive
capacity. Individuals, populations and systems that cannot or will not adapt are
more vulnerable, as are those who are more susceptible to weather and climate
changes (e.g. consequences of storms and floods are more severe in countries
with less adaptive capacity). Once current conditions are understood, the extent
to which climate change may exacerbate or ameliorate health outcomes can be
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considered. Climate change should be considered in the context of the changes
that may occur in other stresses: changes in these and in adaptive capacity can
be expected to influence strongly the anticipated future benefits and costs of
adaptation policies. Such a multiple stressor approach permits identification of
the priority risks in a region or nation.

A complete health impact assessment goes beyond risk assessment. It also
includes an adaptation assessment: an evaluation of society’s capacity to adapt
to change and of alternative risk management options. Once the risks have 
been identified, an assessment should identify and analyse appropriate adaptive
responses to improve society’s ability to respond effectively to risks and oppor-
tunities as they emerge. Barriers to successful adaptation and the means of over-
coming such barriers need to be identified. Adaptive responses may have multiple
benefits: reducing risks from climate change while, at the same time, addressing
other risks to public health (also known as win-win strategies). Elimination of
poverty in a community will not only reduce hunger but also facilitate improve-
ments in sanitation, medical care and other public health systems, and thus
increase resilience to climate change.

Earlier it was noted that stakeholders—both inside and outside the public
health community—may have conflicting desires and conflict resolution often is
needed to formulate and implement an effective policy response. Assessments of
the potential health consequences of climate change can facilitate the process of
conflict resolution and the allocation of scarce resources to their highest valued
uses by considering multiple stresses on multiple systems and across multiple
species that share interactive and interdependent relationships. Communities
and sectors that share interactive and interdependent relationships also should
be considered. Assessments that do not account for multiple interactions and
feedbacks between systems and sectors may provide inadequate or inaccurate
information for developing adaptive responses and may increase the likelihood
of implementing ineffective or maladaptive strategies.

There are several key characteristics of a successful assessment of the health
consequences of climate change (1):

• draws upon expertise from multiple disciplines;
• engages stakeholders throughout the assessment process to ensure timeli-

ness and relevance of assessment results;
• analyses potential adaptive responses and options presented to decision-

makers;
• identifies uncertainties and characterizes their implications for the specific

decisions being made by policy-makers;
• produces a research agenda that identifies and prioritizes key knowledge gaps.

Assessment as a multidisciplinary activity

Ideally, assessment teams are composed of researchers from a variety of disci-
plines working together to address complex research and assessment questions.
By its very nature, assessment of the potential health consequences of climate
change is a multidisciplinary activity. It includes an evaluation that engages the
human health, biological, physical and socioeconomic sciences in order to under-
stand health outcomes’ sensitivity to changes in weather and climate, and the
possible risks under different scenarios of climate change, economic growth and
technological change. Assessment also entails consideration of how human
behaviour might contribute to, or ameliorate, the risks.
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The extent to which climate change may damage or harm human health will
depend on the magnitude of the exposure and the ability of people to adapt suc-
cessfully to new climatic conditions. The ability to adapt effectively may depend
upon the social, political, economic, environmental, technological and demo-
graphic factors that may affect human health. Hence, to capture the full array of
factors that may affect human health directly or indirectly, assessments also
should include expertise from the social, political, environmental and engineer-
ing sciences. Researchers and modellers in all of these disciplines should be con-
sidered for inclusion in a health impact assessment team.

Stakeholder engagement

Assessment of the potential health effects of climate variability and change
should be guided by the priority vulnerabilities in a region or nation. The 
assessment should consider new or potentially evolving vulnerabilities that 
may or may not be climate driven. One way to determine priorities is through
a stakeholder-oriented assessment process with involvement of stakeholders
throughout the process.1

Sometimes it is difficult to identify all constituencies that might have an 
interest in a particular health impacts assessment. New stakeholders often are
identified during the course of an assessment process, as understanding of the
potential health consequences of climate change evolves. For this reason, the
process of identifying and involving stakeholders is ongoing.

For an assessment to be informative, assessors must know the particular issues
and questions of interest that the stakeholders and decision-makers want
answered. This includes consideration of relevant questions suggested by scien-
tists. At the outset of an assessment, the questions and outcomes of greatest
concern (which may not be limited to health-related effects) should be elicited.
The decision-makers who are clients for the assessment results often have mul-
tiple objectives and concerns, not necessarily limited to concerns about climate
change—or even public health. Also, decision-makers may need very specific
types of information in order to incorporate climate change into their decision-
making and to formulate and implement new and effective adaptive responses.
Stakeholders can be a source of this information.

An assessment begins with a framing exercise to determine process and goals.
A multidisciplinary steering group established to agree upon the terms of refer-
ence for the assessment should conduct this exercise. This group also should be
available to provide advice and support during the assessment process. The terms
of reference will be specific to each assessment. Common elements should
include detailed descriptions of the conduct and evaluation of the assessment,
including such questions as the scope; timetable; budget and funding sources;
methods used for identifying members of the team; methods used in the assess-
ment and its review/evaluation; form and content; and the nature and frequency
of feedback from the steering group and from stakeholders.

Stakeholders should be involved in the analytical process on an ongoing basis.
Assessors and stakeholders are not necessarily distinct communities. In many
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1 Stakeholders in a health impacts assessment process might, for example, include public health
officials, doctors, health insurance companies, drug companies, managers of public/private
research programmes, disaster preparedness officials, concerned members of society and the
decision and policymakers. They might also include agencies that fund priority research and
the researchers themselves.



cases, stakeholder communities can offer data, analytical capabilities, insights and
understanding of relevant problems that can contribute to the assessment. For
example, stakeholders often can share traditional knowledge from their com-
munities about the effectiveness of previous attempts to adapt to change.

In order to ensure that an assessment is timely and useful, assessors need to
understand how stakeholders will use results of the assessment and the time
frame within which the assessment is needed. When scientific uncertainties still
exist research scientists often are reluctant to make statements that might be used
by policymakers. Yet, policymakers frequently make decisions under uncertainty,
whether or not scientists are prepared to inform those decisions. A decision to
wait until the science is more certain is still a decision and opportunities may
change during the waiting period. Assessors of health impacts strive to answer
decision-makers’ questions to the extent possible given the level of uncertainties
of this science, in the belief that informed decisions are better than uninformed
decisions. They also characterize the uncertainties and explore their implications
for different health policy or resource management decisions in the belief that a
better understanding of the quality and implications of scientific information
leads to more informed decisions.

As an assessment process evolves and better understanding is gained of the
potential consequences of climate change for human health, it is important to
re-evaluate stakeholder concerns about issues previously identified and to iden-
tify new or evolving issues of concern as stakeholders are informed of assess-
ment results.

Evaluation of adaptation options

Chapter 11 provided a thorough discussion of the topic of adaptation. In this
section, we discuss the challenges faced by assessors as they evaluate alternative
adaptation options for responding to the risks and opportunities of climate
change, as well as potential barriers to implementation.

The evaluation, design and implementation of an effective adaptation strategy
are complex undertakings. Assessors and policymakers should not be cavalier
about the ease with which adaptation can be achieved, or the expected effec-
tiveness of any policies they implement. Not only must the potential health
impacts of climate change and options for responding to these impacts be iden-
tified, but also barriers to successful adaptation and the means of overcoming
them need to be evaluated. Consideration of barriers to successful adaptation, as
well as potential for unintended negative consequences of adaptation measures,
is critical to the translation of assessment results into effective public health poli-
cies. Also, sustaining adaptation needs to be considered, as well as the contin-
ued evaluation of effectiveness recognizing that climate, socioeconomic factors
and other drivers continue to change. The effectiveness of an introduced adap-
tive response may need to be reconsidered over time.

The difficulties involved in ensuring the effectiveness of future adaptive
responses are illustrated by existing efforts to cope with the effects of climate
variability under current climatic conditions. Historical evidence demonstrates
that societies have not always adapted effectively to existing risks. For example,
exposure to extreme heat causes deaths in urban areas throughout the 
world, even during years with no heatwaves. During heatwaves these numbers
can increase dramatically. Many of these deaths are preventable, yet they 
continue.

CHAPTER 12. DEVELOPING POLICY RESPONSES TO CLIMATE CHANGE 247



248 CLIMATE CHANGE AND HUMAN HEALTH

CASE STUDY #2 Preparing for a changing climate in the Great
Lakes region

Insights from this case study
This is another illustration of how a policy-focused assessment can be used to inform
policy decisions, despite the existence of scientific uncertainties. It highlights the
recent efforts by the Water Quality Board of the United States-Canada International
Joint Commission to begin adapting to a changing climate in order to protect the ben-
eficial uses provided by the Great Lakes system. These beneficial uses include agri-
culture, fish and wildlife consumption and other factors that can affect human health.

Great Lakes Water Quality Agreement of 1978
The Governments of Canada and the United States entered into a Great Lakes Water
Quality Agreement (GLWQA) in 1978. This committed both countries to restore and
enhance water quality in the Great Lakes system (20).The GLWQA has been amended
several times, most recently in 1987. Beneficial uses provided by the Great Lakes
system are defined in the agreement. The Water Quality Board of the International
Joint Commission (IJC) is responsible for fulfilling this goal. Among its responsibilities
is the development of remedial action plans and lakewide management plans that
embody a systematic and comprehensive ecosystem approach to restoring and pro-
tecting beneficial uses in geographical areas that fail to meet the objectives of the
agreement, or in open lake waters.

IJC focus on climate change
Each of the Governments of Canada and the United States recently completed policy-
focused assessments of the potential effects of climate change on the Great Lakes
system (21, 22). These assessments demonstrated that climate variability and change
would likely have important consequences for water supplies (both quantity and
quality) and therefore human health in the Great Lakes region. Examples of the impli-
cations for human health include:

• changes in the availability and quality of drinking water
• potential spread of water-borne diseases
• impacts on habitat, leading to changes in fish and wildlife consumption.

Given the findings of these and other assessments, the IJC Water Quality Board is
beginning to explore and assess opportunities to adapt to a changing climate in order
to protect the beneficial uses derived from the Great Lakes system. Specific questions
being addressed by the Water Quality Board as it develops recommended adaptation
strategies include:

• What are the Great Lakes water quality issues associated with climate change?
• What are the potential impacts of climate change on the “beneficial uses” identi-

fied in Annex 2 of the Great Lakes Water Quality Agreement of 1978?
• How might these impacts vary across the region and across demographic groups?
• What are the implications for decision-making?
• What specific advice can the Board provide within the context of the agreement,

that is, how can we adapt in order to mitigate?

It is anticipated that the Board will finalize a set of recommended adaptation options
sometime in 2003.



There is a wide array of possible explanations for society’s failure to adapt
effectively to existing risks:

• failure to identify and understand factors that affect the risk and the ability
of society and individuals to respond;

• limited resources available for adaptation;
• conscious decision by society not to invest scarce resources in adaptive

responses;
• perceived lack of vulnerability or perceived elimination of the threat.

Regardless of the reasons for the limited effectiveness of existing adaptive
responses, historical evidence suggests that one should not be over-confident
about the effectiveness of adaptive strategies when making projections of future
vulnerabilities to climate change.

In the assessment of adaptation options, a number of factors related to the
design and implementation of strategies need to be considered, including:

• appropriateness and effectiveness of adaptation options will vary by region,
across demographic groups, and with time;

• adaptation comes at a cost;
• some strategies exist that would reduce risks posed by climate variability,

whether or not the effects of climate change are realized;
• the systemic nature of climate impacts complicates the development of

adaptation policy;
• maladaptation can result in negative effects that are as serious as the

climate-induced effects being avoided.

Adaptation varies by region and demographic group

Policy-focused assessments must account for the fact that the potential risks, and
human capacity to respond to these, vary by location and across time in scope
and severity. In addition, the vulnerability of populations within and across
regions will vary depending upon the health effect being considered. Conse-
quently, appropriate adaptive responses will vary across geographical regions,
demographic groups and with time.

Consider, for example, that climate change will likely increase the frequency
and severity of very hot days and heatwaves during the summer. Studies in urban
areas, mostly in temperate regions, show an association between increases in
heat and increases in mortality (23). The risk of heat stress may rise as a result
of climate change (24). The most vulnerable populations within heat-sensitive
regions are urban populations. Within these vulnerable populations, the elderly,
young children, the poor and people who are bedridden or on certain medica-
tions are at particular risk.

To be effective, adaptive responses must target these vulnerable regions and
demographic groups, some of which may be difficult to reach (25). For example,
the elderly are less likely to perceive excess heat (26); they may be socially isolated
and physically frail (27, 28). This may make it difficult to convince them to use air
conditioning (because they do not feel the heat) or to travel to air-conditioned
environments (e.g. they may have no one to take them and may be unable to travel
on their own). The poor may not be able to afford air conditioning, and if they live
in high crime areas may be afraid to visit cooling shelters. Finally, for infants and
young children, decisions about how warmly to dress and how much time to spend
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CASE STUDY #3 Hot weather watch/warning systems

Insights from this case study
This describes the development of hot weather watch/warning systems intended to reduce the
number of deaths due to extreme heat in urban areas. It illustrates several important aspects of an
assessment process and the challenges faced in developing and implementing effective adaptation
strategies.

The assessors drew together information from climatology, meteorology, medicine and public health
to develop a city-specific system to alert the public to changing day-to-day health risks. The system
is an example of a no-regrets adaptation that addresses a current problem and increases resilience
in the future. Many strategies that would reduce risks posed by climate change or exploit opportu-
nities make sense whether or not the effects of climate change are realized. Enhanced responses to
urban heatwaves can save lives now.1

This case study also highlights the importance of assessing potential barriers to effective adaptation
and the need to monitor performance over time. In particular, the critical importance of combining
the watch/warning system with an effective communication strategy to provide advice on adaptive
responses to limit the risk of heat stress is discussed. In some cases the watch-warning systems have
been combined with communications strategies that may result in maladaptation.

Heatwaves and human mortality
The watch/warning systems originated with a fundamental assessment question posed by stakehold-
ers: what might be the impacts of climate change on deaths due to heat stress? Assessors analysed
the relationship between various climatological variables (including temperature) and human mortal-
ity in order to answer this. They turned to the climatological research community to understand
expected changes in the frequency and intensity of heatwaves as the climate changes, and evaluated
the potential changes in numbers of deaths in particular urban areas as climate changes.

Heat and heatwaves are projected to increase in severity and frequency with increasing global mean
temperatures. Studies in urban areas show an association between increases in mortality and increases
in heat, measured by maximum or minimum temperature, heat index and, sometimes, other weather
conditions (23). The elderly (65 years or older), infants and young children, the poor, mentally and
chronically ill people, and those who are socially isolated, are at increased risk.

Several different methods for characterizing climate have been used to assess daily mortality associ-
ated with heat episodes. One such approach hypothesizes that humans respond to more than just
temperature; rather, they respond to the entire blanket of air (or air mass) around them (29). Air
masses were characterized for specific localities using statistical methods to separate the air masses
into area-specific categories based on a number of meteorological variables (30). This synoptic
approach has led to important findings about the effect of different types of air mass on mortality.
For example, daily mortality in 44 United States’ cities with populations greater than one million was
analysed in relation to the frequency of particular air masses. Two types of air masses associated with
particularly high mortality were identified (31).

After this initial research, assessments were conducted to identify potential adaptation strategies.
Since people die of heat stress every year and many of these deaths are avoidable, strategies were

1 In some cases, existing institutions and public policies may result in systems that are more rigid
and unable to respond to changing conditions. Elimination of these institutions and policies—if it
makes sense to do so under current climatic conditions—may increase resilience to change. For
example, the existence of federal flood insurance in the United States of America provides an incen-
tive for development in high-risk coastal areas. Elimination of federal flood insurance would reduce
the inventory of private property that is at risk today, and in the future when sea level rises further.



in hot environments often are made by adults, with the children and infants
unable effectively to communicate their discomfort (26).

Adaptation comes at a cost

The resources used to adapt to a changing climate may be diverted from other
productive activities, such as reducing other stresses on human health, ecosys-
tems and economic systems. This could mean reducing the resources available
for remediation of public health problems unrelated to climate. Similarly, society
may have to divert natural and financial resources from addressing social prob-
lems in other sectors. In the vernacular of economics, there are opportunity costs
to using scarce resources for adaptation.

Once society has decided to invest in adaptation, having identified what and
how it wants to adapt, it has the option of incurring the costs of adaptation at
different times: either to invest immediately or to delay until a future time
(assuming effectiveness of the adaptation is the same). In either case, there are
costs associated with adaptation. It is a question of when the costs are incurred
and what they buy. The decision of whether to adapt now or later should be
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considered that would reduce avoidable deaths today while increasing resilience to future climate
change. Information from the public health community was used to identify the most vulnerable 
populations. From this emerged the concept of watch-warning systems that have been implemented
in the United States, Italy and China to protect these populations (32). These systems are used to
alert the public about the timing and severity of a heatwave and, more specifically, to the presence
of air masses that are known to pose the highest risks to human health. This contrasts with other
systems that issue alerts and warnings using arbitrary temperature thresholds. The systems are city-
specific, using information about the population and air masses for a particular city. Once the alerts
have been issued, the media provide advice about risk factors and beneficial response measures that
can be taken by individuals.

Prototype systems were first established by the University of Delaware, in partnership with the U.S.
Environmental Protection Agency (USEPA), in Philadelphia and Washington, DC, in the United States.
Systems were then implemented in Rome and Shanghai by the United Nations Environment Pro-
gramme (UNEP) in partnership with the University of Delaware, World Meteorological Organization
(WMO), USEPA and World Health Organization (WHO).

The effectiveness of these systems is now being monitored and evaluated. Bernard (33) notes that
when alerts and warnings are issued, media sources provide advice on adaptive responses to limit
the risk of heat stress (e.g. limitation of outdoor physical activity; use of sun protection cream, hats
and light-coloured clothing; increased hydration with non-alcoholic and non-caffeinated beverages).
However, the effectiveness of this advice is questionable. In some cases, the most vulnerable popu-
lations are identified but limited information targeted at these specific groups is provided. For
example, media advice rarely specifies that elderly people and others who might be confined to the
home by illness should be visited in person, rather than simply contacted by telephone, because they
might be unaware of either the elevated heat in their residence or of symptomatic heat-related health
impairment. Even worse, advice that could lead to maladaptation sometimes has been provided. Some
sources have provided potentially dangerous and confusing information by combining advice about
poor air quality with advice about heatwaves, recommending that the elderly remain indoors.

These findings suggest that advisory messages should be revised in light of established information
about risk factors.There must be further evaluation of the effectiveness of the weather watch/warning
systems combined with media advice.



based on a comparison of the present value of expected net benefits associated
with acting sooner versus later.

Whenever incurred, adaptation costs must be weighed carefully when 
decision-makers consider the tradeoffs between alternative adaptation strategies,
reducing the cause of the change and living with the residual impacts (34). It is
therefore important that a health impact assessment evaluates the availability of
the resources required to implement alternative adaptive strategies. A nation’s
ability to implement adaptation measures may be restricted by a lack of appro-
priate technology and trained personnel; financial limitations; cultural and social
values; and political and legal institutions. Society’s willingness to divert the
required resources from other desired uses also must be evaluated.

Opportunities exist to adapt to multiple factors

Assessments of adaptation options should consider no-regrets strategies that
would reduce risks posed by climate change and are sensible whether or not the
effects of climate change are realized. These measures result in human systems
that are more resilient to current climate variability and hopefully to future
climate change (depending on what happens with climate change, successful
adaptation to climate variability may or may not prepare a community for the
future). The public health community recognizes adaptation strategies such as
heatwave early warning and vector-borne disease surveillance systems to be
important to the protection of lives and health regardless of future climate change
(35).

In some cases existing institutions and public policies result in systems that
are rigid and have limited ability to respond to changing conditions. For example,
as noted earlier, the existence of federal flood insurance in the United States pro-
vides an incentive for development in high-risk coastal areas, increasing the risk
of injury and death to coastal populations. Elimination of the federal flood insur-
ance today would reduce the size of coastal communities currently at risk (at a
financial cost to those individuals already living in coastal communities), as well
as in the future when sea level rises further.

The systemic nature of climate change complicates efforts to adapt

Climate change will have wide-ranging effects that may occur simultaneously.
Many of the effects are likely to be interdependent. The systemic nature of
climate change and its effects poses unique challenges to resource managers
developing adaptive responses (34). An adaptation strategy that may protect
human health may, inadvertently, increase risks to other systems. In some cases
it may be impossible to avoid all risks and exploit all opportunities. Society may
have to choose between alternative outcomes.

Consider, for example, the increased risk of injury and death to populations
in coastal areas due to more severe storm surges and flooding that may result
from a rapid rate of sea level rise. If the only concern was protection of these
coastal populations, one adaptive response might be to build sea walls: but the
rise in sea level also threatens wetlands and the building of sea walls prevents
new wetlands from forming. Destruction of wetlands can affect water quality,
which in turn could have implications for the public’s health. Destruction of wet-
lands can affect bird migration patterns and biodiversity too. Yet if the sea walls
are not built, the rise in sea level could lead to salt water intrusion: threatening
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freshwater aquifers and drinking water, as well as fresh water required for other
uses (e.g. irrigation).

A policy-focused assessment must identify for decision-makers the tradeoffs
that society may have to make between future outcomes, effective risk reduc-
tion, exploitation of new opportunities presented by climate change and maxi-
mization of social well-being.

Maladaptation is possible

Adaptive responses may have unintended secondary consequences that out-
weigh the benefits of undertaking the strategy. For example, one possible adap-
tive response is the use of pesticides for vector control (36). Pesticides’ effects on
human health and insect predators and on increased pesticide resistance need to
be considered when evaluating new pesticides. Pesticides used to eradicate mos-
quitoes that may carry infectious diseases (e.g. dengue fever) may have their own
adverse impacts on human health. These offsetting effects must be considered
prior to implementation of an eradication programme. Programmes like mos-
quito eradication require long-term commitment; failure to keep that commit-
ment may result in adverse consequences. In the 1940s and 1950s for example,
the Pan American Health Organization (PAHO) undertook an Aedes aegypti erad-
ication programme to prevent urban epidemics of yellow fever in south and
central America. The programme was successful in most countries and was dis-
continued in the early 1970s. Failure to eradicate Aedes aegypti from the whole
region resulted in repeated invasions by this mosquito into those countries that
had achieved eradication. By the end of the decade, many countries had been
reinfested. The reinfestation continued during the 1980s and 1990s (37). This is
also a good example of how a perceived lack of vulnerability can have an impact
on the perceived need for adaptation (or in this case, continued investment in
an adaptive strategy).

It is also important to assess in advance the risks to health from proposed tech-
nological adaptations to climate change. Increased use of air conditioning would
protect against heat stress but also could increase emissions of greenhouse gases
and conventional air pollutants, assuming the current proportion of coal-fired
power plants (15, 38).

A well-informed decision-maker, weighing the risks and adaptation options,
may decide that the adverse effects of the adaptive measures are of greater
concern than the risks posed by climate change itself.

Characterization of uncertainties

Significant scientific and socioeconomic uncertainties related to climate change
and the potential consequences for human health complicate the assessment
process. Uncertainties exist about the potential magnitude, timing and effects of
climate change; the sensitivity of particular health outcomes to current climatic
conditions (i.e. to weather, climate and climate-induced changes in ecosystems);
the future health status of potentially affected populations (in the absence of
climate change); the effectiveness of different courses of action to address ade-
quately the potential impacts; and the shape of future society (e.g. changes in
socioeconomic and technological factors). A challenge for assessors is to charac-
terize the uncertainties and explain their implications for the questions of
concern to the decision-makers and stakeholders. If uncertainty is not directly
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CASE STUDY #4 Human dependence on food from coral reef fisheries

Insights from this case study
This illustrates how research and policy-focused assessments have evaluated the linkages between
global change (multiple stressors that include climate variability and change, UV radiation and other
human-induced stresses on the environment), ecosystem change and human health. In particular it
examines the effects of global change on the health of coral reefs, which among other uses supply a
wide variety of valuable fisheries: an important source of food and animal protein in the human diet.
Insights from policy-focused assessments are being used already to develop management options for
protecting coral reefs around the world.

Coral reefs and food supplies
Coral reefs are one of the most threatened global ecosystems and also one of the most vital. They
offer critical support to human survival, especially in developing countries, serving as barriers for
coastal protection; major tourist attractions; and especially as a productive source of food and trade
for a large portion of the population (39, 40). Coral reefs supply a wide variety of valuable fisheries,
including both fish and invertebrate species (41). Some fisheries are harvested for food, others are
collected for the curio and aquarium trades.

Reefs have been an abundant and productive source of food for millennia. In many nations, particu-
larly those of the Pacific islands, reefs provide one of the major sources of animal protein in the
human diet, with over 100 kilos of fish consumed per person per year. In the case of many small
island developing nations, the majority of fisheries’ harvest is small-scale and subsistence in nature;
however, commercial fisheries have developed rapidly, for export markets as well as local sales. Target
species include grouper, lobster, parrotfish, rabbitfish, emperors and snappers; and in areas with
tourism, tourist preferences result in concentration on conch fisheries as well as grouper, snapper
and lobster (42).

Other uses of coral reefs
The aquarium trade serves approximately two million hobbyists worldwide who keep marine aquaria,
most of which are stocked with wild-caught coral reef species. This industry has attracted contro-
versy recently as opponents point out the damaging collection techniques that often are used and
high mortality rates that result. Supporters point out that proper collection techniques can avoid
major impacts to the reef and the industry involves low-volume use with very high value. Indeed, in
developing countries, collectors can attain incomes that are many times the national average; recently,
a kilo of aquarium fish from one island country was valued at almost US $500 in 2000, compared to
reef fish harvested for food that were worth only US $6. Aquarium trade target species include not
only fish but also a variety of hard and soft corals, clams and snails.

Impacts of coral bleaching
Reef-building corals live in symbiosis with tiny single-celled algae (zooxanthellae) that reside in the
corals’ tissues and provide them with most of their colour and much of their energy (43). Coral
bleaching occurs when, alone or in combination, stressors in the environment cause the degenera-
tion and expulsion of zooxanthellae from the coral host, such that the white skeleton becomes visible
through the transparent coral tissues. Depending on the intensity and duration, once the stress is
removed corals often recover and regain their zooxanthellae (44). Prolonged exposure can result in
partial or complete death of not only individual coral colonies, but also large tracts of reef. Bleached
corals, whether they die totally or partially, are more vulnerable to algal overgrowth, disease and reef
organisms that bore into the skeleton and weaken the reef structure (41). As reefs disintegrate,
patterns of coral species diversity can alter dramatically and the reef community may be restructured
(45, 46), with consequent impacts on the diversity of fish and other organisms within the reef 
ecosystem.
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Stressors that trigger bleaching include freshwater flooding (47, 48), pollution (49, 50), sedimenta-
tion (51), disease (52, 53), increased or decreased light (54, 55) and especially elevated or decreased
sea surface temperatures (SSTs) (44, 56, 57). Elevated SSTs during the 1997/1998 El Niño Southern
Oscillation (ENSO) triggered mass coral bleaching that resulted in extensive reef damage in many
regions of the world. In severely impacted regions such as the Indian Ocean (where mortality of reef-
building corals reached over 90% in some areas), some countries are now at serious risk of losing
this valuable ecosystem and the associated economic benefits of fisheries and tourism (58, 59). Fur-
thermore, if average baseline temperatures continue to increase due to global climate change, then
corals will be subjected to more frequent and extreme bleaching events.

Designing effective management options
Small-scale, localized bleaching events that are due to direct anthropogenic stressors (e.g. pollution
or freshwater runoff) can be addressed directly to minimize the threat at its origin. In contrast, coral
reef managers cannot readily address large-scale bleaching events linked to global warming and ENSO
events. Climate-related threats therefore must be tackled indirectly, through thoughtful planning and
strategic care of reefs within existing and future marine protected areas (MPAs), to take advantage
of natural properties of coral reef ecosystems and mitigate the impact of bleaching and related 
mortality.

The Nature Conservancy (TNC) and World Wildlife Fund (WWF) launched a joint initiative in 2001
to develop strategies for mitigating the impacts of coral bleaching through MPA design. They have
since been joined by Conservation International (CI) and participating scientists from the Australian
Institute of Marine Science (AIMS) and ReefBase, among others.The new MPA initiative seeks to iden-
tify for strict protection specific patches of reef where environmental conditions favour low or neg-
ligible temperature-related coral bleaching and mortality and to enhance reef recovery by ensuring
optimal conditions for larval dispersal and recruitment among sites within a strategically designed
network.

The approach is to develop a set of science-based, empirically testable principles to help managers
identify, design and manage such networks, in order to maximize overall survival of the world’s coral
reefs in the face of global climate change. Though the intent may be to save the reefs for tourism,
biodiversity or other reasons, the effort will also benefit human health by preserving an important
source of protein.

addressed as part of the analysis, a health impacts assessment can produce mis-
leading results and possibly contribute to ill-informed decisions.

A variety of methods is available to deal with the existence of scientific uncer-
tainties, while still illustrating, analysing and providing useful insights into how
climate change may influence human health. These methods also can be used
to inform the design and implementation of effective adaptation options intended
to increase resilience to change. The method chosen depends upon a variety of
factors, including the type of question being asked by a policy-maker, public
health official, or resource manager and the types of scientific uncertainties that
exist.

Historical records

Data and records from the past provide an essential perspective on how changes
in climate affect human and natural systems. Gaining an understanding of
present vulnerabilities and adaptive capacity of human populations, how those
vulnerabilities are affected by variations in climate and other stressors, and which
strategies have and have not worked to ameliorate the vulnerabilities, can be



illuminating for understanding possible future vulnerabilities and adaptations to
climate change (60).

Adaptive capacity, which will change over time, is determined by socioeco-
nomic characteristics (i.e. non-climate variables). Different communities, regions
and systems have different capacities to adapt. Understanding of the factors that
presently contribute to health vulnerabilities that are sensitive to climate, and a
sense of how these factors may change in the future, may enable effective actions
to be devised even if there is uncertainty about how the climate drivers will change
in the future. Also, one can ask the question: how bad would things have to be in
order for the community to find itself outside the range of its ability to cope?

A word of caution is in order. It cannot simply be asserted that by increasing
the capacity to cope/adapt to climate variability under current climatic condi-
tions, future vulnerabilities to climate change will be reduced (i.e. increase
resilience to change). Coping now does not always reduce future vulnerabilities
to climate change. In fact, investments to increase current coping capacity may
exacerbate the effects of climate change. A resource manager who knew with
certainty what future climate would be might discover that planned investments
would actually increase vulnerability to future climate. A completely different
investment would increase resilience to change. Since the future cannot be
known with certainty, scenario analysis (or some other approach) can help to
reveal cases in which this might occur.

Two of the case studies presented in this chapter rely primarily on such assess-
ments, not on the use of scenario analysis. In the case study that follows, Focks
et al. (61, 62, 63) establish critical thresholds for dengue based upon past/present
disease incidence. Adaptation responses that would reduce vulnerability to
dengue can be evaluated from this, without relying upon scenario analyses. 
Similarly, the hot weather watch/warning system described in Case Study #3 is
based largely upon analysis of health effects of weather events of the recent past
and not on scenario projections of the future climate.

Scenario analyses

Given the current state of climate science it is not yet possible to make predic-
tions of the impacts of climate change, with the exception of future sea level rise.
Nevertheless, useful insights that inform risk management decisions can be pro-
vided to decision-makers. One such approach is scenario analysis.

Scenarios are plausible alternative futures that paint a picture of what might
happen under particular assumed conditions. Scenarios are neither specific pre-
dictions nor forecasts. Rather, they provide a starting point for investigating ques-
tions about an uncertain future and for visualizing alternative futures in concrete
and human terms. The use of scenarios helps to identify vulnerabilities and
explore potential response strategies.

Scenarios can be derived in a number of ways. Projections from sophisticated
climate models (e.g. General Circulation Models [GCMs]) are one tool for under-
standing what future climate might be like under particular assumptions. Sce-
narios also can take the form of “what if . . .” or “if . . . then . . .” questions. These
sorts of questions, together with sensitivity analyses, are used to determine under
what conditions and to what degree a system is sensitive to change. Sensitivity
analyses help to identify the degree of climate change that would cause signifi-
cant impacts to natural and human systems, i.e. how vulnerable and adaptable
these systems are.
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There is a pressing need for the research and assessment communities to
develop meaningful and credible scenarios of the potential health effects of global
climate change in the context of other major risk factors for adverse health out-
comes. This requires analysis of the relationships between health status and
socioeconomic variables in order to develop a model that relates regional health
status to potential changes in socioeconomic status over the next century. Once
a health model has been developed successfully, the health risk model can be
used to develop health scenarios based on future climate and technological
change (e.g. scenarios derived from the IPCC’s Special Report on Emissions 
Scenarios) (64).

For health outcomes where knowledge of the potential consequences of
climate change is not sufficient to support modelling, assessors might rely upon
expert judgment and existing peer-reviewed studies to provide qualitative
insights to stakeholders.

Describing uncertainties

Uncertainty can be expressed in a variety of ways. Because the types of uncer-
tainty in a health impacts assessment are diverse, a multifaceted approach for
characterizing uncertainties often is desirable.

Expressions of uncertainty can be categorized by the degree to which they are
based on quantitative techniques versus qualitative techniques. Quantitative
approaches have advantages because they enable uncertainty to be estimated
when they propagate through a set of linked models, thus specific bounds on the
outputs of an assessment model can be derived. The combined effect of many
sources of uncertainty can be assessed formally. Uncertainties due to inherent
randomness in the information base, and model formulations that use simplify-
ing assumptions about that variability, tend to be easier to express quantitatively
than uncertainties due to lack of knowledge. Uncertainty can be expressed quan-
titatively by probability density functions and summary statistics. Numerous
sources of uncertainty can then be combined using either probability trees or
Monte Carlo analysis to assess their overall uncertainty in a health impacts assess-
ment. However, a shortcoming of this form of quantitative expression is that the
propagation of uncertainty can become analytically impossible when many
uncertainties are combined.

Qualitative approaches permit additional screening for potential biases and
weak elements in the analysis that cannot be captured quantitatively. Either
approach alone is insufficient in a complex analysis but overlaying the two pro-
vides more complete characterization of the issues. (It is noteworthy, however,
that formal methods for combining qualitative information with quantitative esti-
mates to aid decision-making have not yet been developed.)

The benefits of uncertainty analysis

Arguably, the inclusion of uncertainties might create so much fuzziness in the
results that distinguishing among policy alternatives is not possible. It should be
noted, however, that many of the uncertainties might have similar effects on
each of the health-related policy options being analysed. These dependencies
should be taken into account in the uncertainty analysis by assessing the uncer-
tainties on policy differences (under different climate scenarios) rather than the
uncertainties of each individual policy outcome and subsequently examining the
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differences among them. If the uncertainty in the policy differences is built into
the uncertainty analysis process, there is considerably less chance that the uncer-
tainties will overwhelm any distinctions among types of policies.1

Careful and explicit assessment of uncertainties can lead to:

• better understanding of the limitations of the health impacts assessment itself;
• better understanding of the implications of the identified imprecision and

biases for the makers of health policy;
• characterization of the robust properties of comparisons among types of

health policies;
• identification of the most pressing areas for further research as selected

health policies are implemented.
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1 Alternatively, as suggested earlier, in some cases vulnerability assessment can help to cir-
cumvent uncertainty about future climate for the purposes of developing adaptation strate-
gies that are robust across climate scenarios. For example, whether or not climate change will
increase breeding habitat for a disease vector, an adaptation strategy that succeeds in getting
households to reduce breeding opportunities (e.g. eliminating standing water in and around
their homes) will reduce health risks.

CASE STUDY #5 Dengue simulation modelling and risk
reduction

Insights from this case study
This illustrates how decisions to make public health interventions can be taken despite
the existence of uncertainties. This case study is based on the work of Focks et al.
(61, 62, 63).

Risk posed by dengue fever
It is estimated that dengue fever, and associated dengue haemorraghic fever, are
responsible for the loss of over 20,000 lives and 653000 disability adjusted life years
(DALYs) annually (17). The dengue virus needs a mosquito vector for disease trans-
mission to occur, the principal one being Aedes aegypti. A secondary vector is Aedes
albopictus.

Temperature, climate change and dengue transmission
Temperature affects the rate at which the virus develops inside the mosquito. The
warmer the temperature, the faster the incubation and the faster the mosquito
becomes infectious. Also, in higher temperatures the mosquito reproduces more
quickly and bites more frequently. All of these factors increase transmission of dengue
(ceteris paribus). It is expected that as global average temperatures increase, the risk
of dengue epidemics will rise (ceteris paribus).

Challenge faced by public health officials
Public health officials in developing countries usually have limited resources with which
to protect the public’s health. These must be targeted at the most serious health risks
and needs. However, public health officials often are faced with significant uncertain-
ties about the severity of a particular risk. An example of such a risk for many devel-
oping countries is dengue fever.
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Decision-support tool to aid public health interventions
Focks et al. have developed an effective computer-based decision-support tool that
enables public health officials to make decisions about when and where to target public
health interventions. Communities that are resource-constrained realistically can
employ this tool (65).

Several factors must be present for a dengue epidemic to occur:

• the dengue virus;
• a sufficient number of Aedes aegypti mosquitoes to spread the virus effectively

(entomologic factors);
• people who have not had that type of dengue virus before and therefore are not

immune (seroprevalence).

Focks’ computer simulation model uses these factors to determine a “threshold”
number (pupae/person/area). Risk of dengue epidemic is low below the threshold; risk
increases above the threshold.

Calculation of the threshold number requires an accurate survey to determine the
number of pupae/person/area. To obtain this number, Focks has designed an inexpen-
sive survey of households that uses the following steps:

• map out area to be surveyed;
• enter every fifth house to look for suspicious containers in which water accumu-

lates and becomes a potential breeding ground for mosquitoes (e.g. tyres or
buckets);

• record the number of people living in the house;
• empty the containers, pouring the water through a screen;
• rinse the screen with clean water, allowing the water to pour into a white basin

so that any pupae can be seen;
• use a dropper to capture the pupae and place in a labelled vial;
• use a microscope to determine the type of mosquitoes present;
• count the number of pupae per person per area.

Once the household survey has been completed, Focks’ computer model can be used
to compute the threshold number using the survey data, current or anticipated tem-
perature, and seroprevalence rate. The threshold number also is a function of the
prevalence of containers of different types (e.g. tyres, drums, plant dishes, pools, vases)
in a given area. Thus, the model can be used to conduct “what if” analyses to inform
public health officials about how the threshold number changes as the number of con-
tainers of different types is varied. Officials can use this information to target specific
types of containers to empty or scrub in order to reduce the number of pupae/person
below the threshold number and avert an epidemic.

The Focks decision-support tool is attractive for several reasons. First, it uses as input
household survey data that can be obtained at reasonable cost. Second, it enables
public health officials to minimize intervention costs by targeting those breeding
ground containers that are most important. Certain types of containers have been
found regularly to harbour a greater number of pupae in a particular area. In fact, in
some areas, less than 1% of the containers have been found to produce more than
95% of the adult mosquitoes. The Focks method of targeting especially productive
breeding containers has been found to be more cost effective than mosquito eradi-
cation programmes that use insecticides that also can have undesirable health and
ecosystem side-effects (i.e. maladaptation).



Formulating a research agenda

Assessment is an ongoing, iterative process that yields specific assessment products
(e.g. reports) at various points in time. Given the extensive scientific and socioe-
conomic uncertainties surrounding the issue, it is unlikely that any particular
assessment report will answer all of the questions posed by decision-makers. 
It is therefore important that each assessment report identifies and prioritizes
remaining key research gaps. Also, the assessment should include science/policy
linkage gaps, gaps in those things needed to inform the process (e.g. implemen-
tation and adaptation evaluation gaps such as monitoring and surveillance) and
communication gaps. Key gaps are those that must be filled to answer current
stakeholder questions.

It is not a simple matter to identify and prioritize key research gaps because
stakeholder needs change over time. At the end of any assessment, some ques-
tions will remain unanswered that stakeholders may wish to be addressed in the
next phase of the assessment. Stakeholders also may have new questions, either
because of the insights gained from the assessment process or because of changes
in other factors unrelated to the assessment process. Some of the unanswered
questions may be no longer relevant given evolving stakeholder needs. For this
reason, stakeholder needs and concerns should be elicited for every phase of the
assessment process.

Identification of stakeholder questions is only one step in formulating a
research agenda. There are often many alternative research projects that could
be undertaken to try to fill the remaining knowledge gaps. Unfortunately, limited
resources are available for conducting research, so investments in research needs
must be prioritized. Research resources should be invested in those activities that
will most likely yield the greatest amount of useful information, that is infor-
mation that will provide the most useful insights to stakeholders in the timeliest
fashion. This requires value of information calculations that yield insights into
the incremental value to stakeholders of information anticipated from an invest-
ment in a particular research activity. The results of these calculations depend on
changing stakeholder needs and values, and the timeliness and relevance of
information. Value of information exercises may be costly to undertake but are
essential to any assessment process.

Integrated assessment is one approach for conducting value of information
exercises. This includes stakeholder involvement as an integrating mechanism
rather than sole reliance on a model. It is also a valuable approach that has wider
applicability than relying solely on an integrated assessment model (which is not
always available). Integrated assessment has been defined as “an interdiscipli-
nary process of combining, interpreting, and communicating knowledge from
diverse scientific disciplines in such a way that the whole set of cause-effect inter-
actions of a problem can be evaluated from a synoptic perspective with two char-
acteristics: it should have added value compared to single disciplinary oriented
assessment; and it should provide useful information to decision-makers” (66).
As noted by Bernard and Ebi (35), integrated assessment is a synthesis of knowl-
edge across disciplines with the purpose of informing decisions rather than
advancing knowledge for its intrinsic value. The outcome can be used to priori-
tize decision-relevant uncertainties and research needs. The multidisciplinary
nature of this research challenges the more traditional, single discipline focused
research.

Assessment and scientific research are ongoing activities. To ensure that they
are complementary, an ongoing feedback process between assessment activities

260 CLIMATE CHANGE AND HUMAN HEALTH



and research activities is essential. When successfully implemented such a process
permits scientific research—whether in the health, physical, biological or social
sciences—to identify new risks or opportunities and provide information and data
required for an assessment. At the same time, assessments identify and prioritize
research needs that must be filled in order to better answer questions being asked
by the stakeholder community.

Increasing public awareness: importance of communicating
assessment results

Communication with stakeholders should be an ongoing process that keeps
stakeholders engaged throughout an assessment process. Also, once an assess-
ment has been completed, the results must be communicated to stakeholders in
a timely and meaningful fashion to inform decision-making (the communication
of results at the end of an assessment also can be useful in engaging more stake-
holders in future assessments). This requires the development of a communica-
tion strategy that is part of the assessment process.

A communication strategy must ensure access to information, presentation of
information in a usable form and guidance on how to use the information (67).
Risk communication is a complex, multidisciplinary, multidimensional and
evolving process. It is most successful and efficient when focused on filling
knowledge gaps and misconceptions that are most critical to the decisions people
face (68). Often, information has to be tailored to the specific needs of risk man-
agers in specific geographical areas and demographic groups in order to be effec-
tive (69). This requires close interaction between information providers (e.g.
researchers, assessors) and those who need the information to make decisions.

Good reporting of assessment results can enhance the public’s ability to eval-
uate science/policy issues and the individual’s ability to make rational personal
choices. Poor reporting can mislead and disempower a public that increasingly
is affected by science and technology and by decisions determined by technical
expertise (70).

Assessments are a valuable source of information for risk managers, decision-
makers and the public: the results can be used to promote education, training
and public awareness of the potential health impacts of climate change. Main-
taining the credibility of the assessment is central to maintaining the confidence
of decision-makers. The degree of oversight and other procedural features of
assessment, such as public participation or access to data and reports and the
weight accorded to formal assessment in policy-making, may vary from culture
to culture (71). Yet, most successful and effective assessments will contain com-
munication strategies that possess the following key characteristics (72):

• assessment process is open and inclusive. Representatives of all key stake-
holder groups invited to participate, regardless of their views;

• non-threatening atmosphere is created at the consultation table: all parties
are encouraged to be candid, respectful and supportive;

• information about the assessment is shared early, continuously and can-
didly. Any perceived refusal to share information will be interpreted nega-
tively by stakeholders and destroy trust in the assessment process;

• principal focus of the assessment process is on issues of concern to stake-
holders. In this sense, they should control the consultative process. Asses-
sors should not prejudge what those issues are;
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• stakeholders are consulted even about the design of the consultative process;
• cooperative approach to the collection and interpretation of project-related

data from the outset of the assessment process;
• expected “deliverable” is clearly identified, and public’s role in the final

decision is clarified;
• project-design options provided wherever possible;
• ongoing communications with grass roots constituencies maintained

through the stakeholders’ representatives in the public involvement process.

Information about the assessment, including assessment results, are disseminated
through a variety of mechanisms, including:

• workshops and seminars;
• electronic systems that provide decision-makers with data and information,

including metadata which summarizes the data;
• tools for the decision-making process;
• different formats and contents of information (videos, printed materials,

CD-ROMs, etc.) designed for different target audiences.

Conclusions

Policy-focused assessment is a valuable process for providing timely and useful
information to decision-makers, resource managers and other stakeholders in the
public health community. To be successful on an ongoing basis, an assessment
process must have the following characteristics:

• remain relevant by continually focusing on questions and effects of concern
to stakeholders;

• assessment team and approach should be multidisciplinary;
• entail constant interactions between research and assessment communities

to ensure key research gaps are filled;
• carefully characterize uncertainties and explain their implications for stake-

holder decisions;
• provide relevant information in a useful format that has meaning to stake-

holders. Risk management options should be explored, including cost, 
effectiveness, and potential barriers to implementation;

• an interactive process that builds on previous assessments to provide infor-
mation required to support decisions and policy development;

• models and tools to support decision-making should be developed, wher-
ever possible.

It has been argued that the existence of scientific uncertainties precludes 
policymakers from taking action today in anticipation of climate change. This is
not true. In fact policymakers, resource managers and other stakeholders make
decisions every day, despite the existence of uncertainties. The outcomes of these
decisions may be affected by climate change or the decisions may foreclose future
opportunities to adapt to climate change. Hence, the decision-makers would
benefit from information about climate change and its possible effects. The entire
process of policy-focused assessment is premised on the need to inform risk man-
agers who must make decisions every day despite the existence of uncertainties.
It is also noteworthy that policy-focused assessments already have influenced
policy and resource management decisions of interest to the public health 
community.
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Care must be taken to respect the boundary between assessment and policy
formation. Policy-focused assessment’s goal is to inform decision-makers, not to
make specific policy recommendations or decisions. Policy decisions depend on
more than the science, and involve societal attitudes towards risk, social values
and other factors affecting decision-making. But the information provided by
policy-focused assessments is invaluable. An informed decision is always better
than an uninformed decision.
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Introduction

“It is in the interest of all the world that climatic changes are understood and that
the risks of irreversible damage to natural systems, and the threats to the very 
survival of man, be evaluated and allayed with the greatest urgency” (1).

His Excellency Maumoon Abdul, Gayoom, President of the Republic of the Maldives

These words were delivered in 1987 at the United Nations General Assembly on
the Issues of Environment and Development. Although much has been learned
about the expected impacts of climate change on ecosystems and people, and
some important actions are emerging, much is still to be done to diminish further
the gap between knowledge and action.

Global climate change of the magnitude and rate seen in the past hundred
years is a relatively recent, unfamiliar threat to the conditions of the natural 
environment and human health. It is one of a set of large-scale environmental
changes now underway, each reflecting the increasing impacts of human activ-
ities on the global environment (2). These changes, including: stratospheric ozone
depletion; biodiversity loss; worldwide land degradation; freshwater depletion;
and the global dissemination of persistent organic pollutants have great con-
sequences for the sustainability of ecological systems, food production, human
economic activities and human population health (3).

In turn, these global environmental changes are the result of a complex set 
of drivers. These include: population change (population growth, movement 
and rapid urbanization); unsustainable economic development (manifested in
current production and consumption patterns); energy, agricultural and trans-
port policies; and the current state of science and technology (4). Economic and
technological developments have contributed to a remarkable improvement in
the global health status since the industrial revolution. The unwanted side effect
of this development has been a range of harmful changes to the environment,
initially at local level but now extending to the global scale. Many of these large-
scale environmental changes threaten ecosystems and human health. Indeed,
scientists are concerned that current levels and types of human economic activ-
ities may be impairing the planet’s life-support systems at a global level (5).

Various global environmental threats have been followed by concerted actions
in the form of international conventions, global assessments and global agendas
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for action, with the support of many nations (Box 1). Some have been more suc-
cessful than others; some need more time to reach consensus. All have a sense
of urgency and need commitment by governments and people, at all levels.

The United Nations Conference on the Human Environment in 1972 reflected
the major concerns of the times: chemical contamination, depletion of natural
resources, environmental and social impacts of rapid urbanization and the threat
of nuclear weapons. Its Declaration also acknowledged emerging concerns about
rapid environmental change and potentially global threats as the result of human
induced activities: “A point has been reached in history when we must shape
our actions throughout the world with a more prudent care for their environ-
mental consequences. Through ignorance or indifference we can do massive and
irreversible harm to the earthly environment on which our life and well-being
depend” (6).
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BOX 13.1 Selected international conventions

Biodiversity
Convention on Biological Diversity (1992) and its Cartagena Protocol on Biosafety
(2000) (http://www.biodiv.org).

Climate change
The United Nations Framework Convention on Climate Change (UNFCCC, 1992)
and its Kyoto Protocol (1997) (http://www.unfccc.int).

Desertification
Convention to Combat Desertification (1992) (http://www.unccd.int).

Hazardous chemicals
Rotterdam Convention on the Prior Informed Consent (PIC) Procedure for 
Certain Hazardous Chemicals and Pesticides in International Trade (1998)
(http://www.pic.int).

Hazardous wastes
Basel Convention on Transboundary Movements of Hazardous Wastes and their 
Disposal (1989) and its Protocol on Liability and Compensation (1999)
(http://www.basel.int).

Ozone
Vienna Convention for the Protection of the Ozone Layer (1985) and its 
Montreal Protocol on Substances that Deplete the Ozone Layer (1987)
(http://www.unep.org/ozone).

Persistent organic pollutants
The Stockholm Convention on Persistent Organic Pollutants (2001)
(http://www.pops.int).

Wetlands
The Convention on Wetlands (commonly known as the Ramsar Convention 1971)
(http://www.ramsar.org).



Two decades later (1992) at the United Nations Conference on Environment
and Development (the Earth Summit), traditional environmental problems were
addressed along with a new set of problems: emerging global environmental
threats. Thus, the Earth Summit not only gave rise to a plan of action for 
sustainable development towards the twenty-first century (Agenda 21, which
included both well known and newer global threats) but also opened for signa-
ture the United Nations Framework Convention on Climate Change. Important
agreements also were reached regarding the Convention on Biological Diversity
(the conservation of biological diversity; the sustainable use of its components;
and the fair and equitable sharing of the benefits from the use of genetic
resources), and the Convention to Combat Desertification.

At its core, sustainability is about maintaining functional ecological and other
biophysical life-support systems on Earth. If these systems decline, eventually
human population health indices also will begin to turn down. Technology can
buy time, it is possible to buffer against immediate impacts and indeed extract
more “goods and services” from the natural world, but nature’s bottom-line
accounting cannot be evaded. That is, the continuing health of human popula-
tions depends on not exceeding (or staying within) the environment’s “carrying
capacity”. The global climate system is a prime determinant of ecological sus-
tainability and thus of Earth’s capacity to sustain healthy human life. Viewed 
in this way, the sustainability of human population health becomes a central 
criterion in the transition to sustainable development (7).

The Rio Declaration on Environment and Development at the Earth Summit
(8) adopted the precautionary principle to protect the environment. This princi-
ple states that where there are threats of serious or irreversible damage, lack of
full scientific certainty shall not be used as a reason for postponing cost-effective
measures to prevent environmental degradation. The precautionary principle has
been incorporated within the United Nations Framework Convention on Climate
Change. This principle addresses the dilemma that while uncertainties still sur-
round climate change, to wait for full scientific certainty before taking action
would almost certainly be to delay actions to avert serious (perhaps irreversible)
impacts until they are too late. This precautionary approach is well understood
in public health (9). As stated by WHO’s Director-General, Dr. Brundtland, in
this context, “having unintentionally initiated a global experiment, we cannot
wait decades for sufficient empirical evidence to act. That would be too great a
gamble with our children’s future” (10).

The First World Climate Conference, sponsored by The World Meteorological
Organization (WMO) in 1979, recognized climate change as a problem of increas-
ing significance. The WMO also established the World Climate Programme in 
that year. In 1988 the United Nations Environment Programme (UNEP) and
WMO established the Intergovernmental Panel on Climate Change (IPCC). The
Panel was given a mandate to assess the state of existing knowledge about 
the climate system and climate change; the environmental, economic, and 
social impacts of climate change; and the possible response strategies. Its First
Assessment Report was released in 1990, the latest (Third Assessment Report, or
TAR) in 2001.

The ultimate objective of the United Nations Framework Convention on
Climate Change (UNFCCC) is the stabilization of greenhouse gas concentration
in the atmosphere, achieved within a time frame sufficient to allow ecosystems
to adapt naturally to climate change. It accepts that some change is inevitable
and therefore adaptive measures are required. Impacts will be felt on ecosystems
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and directly or indirectly on human health. Such impacts include agriculture and
food security; sea level rise and coastal areas; biological diversity; water resources;
infrastructure; industry; and human settlements. The Kyoto Protocol to the
UNFCCC strengthens the international response to climate change (Box 2).

The evidence relating to the existence of human-induced global climate
change has become compelling: the IPCC’s Third Assessment Report concluded
that human-induced warming has begun. Global average temperature is rising
faster than at any time in the last 10000 years, and there is new and stronger
evidence to indicate that most of the warming observed over the last 50 years is
due to human activities (11). This has been associated with climate-attributable
changes in simple physical and biological systems including: the retreat of 
glaciers; thinning of sea ice; thawing of permafrost; earlier nesting and egg-laying
by birds; pole-wards extension of insect and plant species; and earlier flowering
of plants.

This general scientific elucidation of climate change has sensitized the general
public and policy-makers to the potential that climate change will cause various
adverse health impacts. While the full range of projected climate change would
have both beneficial and adverse effects, adverse effects will dominate if the
larger climate changes and rates of change occur. That adds an extra dimension
of concern and weight to the international discourse on this topic.

Figure 13.1 illuminates the basic components of the complex process: global
driving forces, environmental changes, human exposures and the better-known,
potential health effects. Upstream actions (mitigation mechanisms to reduce
emissions of GHGs) are the most appropriate and effective but climate change is
a process that will take many decades to control and reverse. Co-ordinated adap-
tation mechanisms will be required from all sectors, including health. This is a
new challenge for the health sector, and research needs are many and large:
better understanding of human exposures in this context; contamination path-
ways or transmission dynamics; expected and lesser-known health impacts; and
adaptation options and their evaluation. Table 13.1 gives examples of priority
research areas for the examples of health effects outlined in Figure 13.1.

As a response to the requirements stated in Agenda 21 and the UNFCCC, a
number of organizations carrying out significant climate related activities jointly
developed the Inter-Agency Committee on the Climate Agenda (IACCA). WHO,
WMO and UNEP jointly contribute towards the health aspects of the Climate
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BOX 13.2 The Kyoto Protocol

The most important instrument for potential internationally co-ordinated policy on
climate change mitigation is the Kyoto Protocol.This was adopted at COP-3 in Decem-
ber 1997, containing stronger emissions-related commitments for developed coun-
tries. By arresting and reversing the upward trend in greenhouse gas emissions that
started in these countries 150 years ago, the Protocol promises to move the inter-
national community one step closer to achieving the Convention’s ultimate objective
of preventing “dangerous anthropogenic interference with the climate system”.

The Protocol sets legally binding targets and timetables for cutting developed country
emissions (to six main greenhouse gases, the most important being CO2). Moreover,
the Protocol ensures that emission cuts are verifiable.



Agenda within the general field of “climate impact assessment and response
strategies to reduce vulnerability”. The second IACCA session, held in Geneva in
1998, proposed the establishment of an Inter-Agency Network on Climate and
Human Health, with a secretariat coordinated by WHO. Joint activities of the
Interagency Network between WHO, WMO and UNEP began in 1999. The col-
laborative work focuses on three areas: capacity building, information exchange
and research promotion (Box 3).

Conclusions and recommendations

Several major conclusions emerge from this book. They are listed below in the
order of the chapters from which they emerge, not in order of priority. All are
selected for their global relevance:

Climate related exposures

Climate is an important determinant for human health. Both weather and cli-
matic variables can be seen as human exposures that directly or indirectly impact
on human health. Moreover, these are not expected to remain constant, and
overall likely to increase their impacts on human health.
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FIGURE 13.1 Climate change and health: pathway from driving forces, through exposures to
potential health impacts. Lines under research needs represent input required by the health
sector. Source: adapted from reference (12).
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The IPCC’s Third Assessment Report concluded that most of the warming
observed over the past 50 years is attributable to human activities. This implies
that reversing this trend also will need to be the result of human actions.
However, it is known that human influences will continue to change atmospheric
composition throughout the twenty-first century. Global average temperature is
projected to rise by 1.4 to 5.8°C from 1990 to 2100. Global climate change will
not likely be spatially uniform, and is expected to include changes in tempera-
ture and the hydrologic cycle.

Studying the natural complexities of weather and climate variability in rela-
tion to health outcomes offers unique challenges. Weather and climate can be
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BOX 13.3 Inter-agency network on climate and human health

WHO, WMO and UNEP collaborate in:

Capacity building activities: assisting Member States in: a) undertaking national
assessments of climate-induced human health impacts; b) determining and meeting
capacity-building and research needs in order to identify and address priority areas;
c) identifying and implementing adaptation strategies and preventive and mitigating
measures, designed effectively to reduce adverse health impacts.

Information exchange: a) provision of information to Member States, national and
international training and research institutions, and the public at large, on the state-
of-the-art in the global research effort on climate and health interactions, their con-
sequences for population health and for public health response; b) fulfilling “clearing
house” functions to ensure free access to information including databases needed 
for research on climate variability and climate change on human health in developing
countries.

Research promotion: a) to serve as the UN-based lead group of institutions and
experts for the guidance of research programmes on the human health implications
of climate and of global environmental change, including the impacts of climate vari-
ability, climate change and stratospheric ozone depletion.

TABLE 13.1 Priority health research areas for different risk factors resulting from climate
change.

Risk Factors Health effects Priority research areas

Extreme heat or cold; Temperature related Improved prediction, warning and response
Stagnant air masses illness and death

Strong precipitation Extreme weather related Assessment of past impacts and effectiveness of 
variability health effects warnings

Local air pollution; Air pollution related Combined effects of climate factors and air pollution;
Stagnant air masses health effects Weather related allergens

Precipitation; Water-borne and food- Climate and marine-related diseases;
Water temperature borne diseases Climate, land-use impacts on water quality and health

Temperature, humidity, Vector-borne and rodent- Climate related disease transmission dynamics; Improved
precipitation borne diseases surveillance

Temperature, water Nutritional deficiencies Health and agricultural sector adaptation strategies
scarcity, land use

Extreme events, Mental health Assessment of past interventions related to emergencies
population displacement and population displacement

Source: adapted from reference 12.



summarized over various spatial and temporal scales. The appropriate scale of
analysis will depend on the study hypothesis. Each study needs to define the
exposure of interest and the lag period between exposure and effect. Analogue
studies are one means of estimating risks of climate sensitive diseases for future
climate change although the predictive value of these studies may be limited.
Future events may differ from historical events and the extent of vulnerability
of a population changes over time. For these and other reasons, scenario-
based modelling is used to project what might happen under different climate
conditions.

Current knowledge is limited in many areas. Research is needed, particularly
in the following:

• developing innovative approaches to analysing weather and climate in the
context of human health;

• setting up long-term data sets to answer key questions, such as whether
infectious diseases are likely to change their range;

• improved understanding of how to incorporate outputs from multiple
Global Climate Models into health studies better to address the range of
uncertainties associated with projected future health impacts.

One important consideration for researchers is the ongoing change in the climate
baseline. Many archives of meteorological data contain baseline parameters, or
climatological normals, based on the average data for three decades, which are
re-calculated every 10 years. While such archives may have desirable densities
in terms of time and space, analysis methods need to take into account the 
changing climate baseline such archives provide to avoid erroneous, potentially
conservative, conclusions. The WMO addresses this by maintaining the 
Climatological Standard Normals (CLINO) (13). Re-computed each 30 years, the
CLINO provide a stable baseline throughout that period. As all CLINO datasets
reflect the same input period, the differences in values between observing loca-
tions reflect the differences in climate rather than differences caused by non-
common time periods.

Reaching consensus on the science

The science of climate change increasingly has achieved consensus among 
scientists, in particular through the assessments of the IPCC. Although much
research still is needed on climate change and health links, there is increasing
evidence that human health will be affected by climate change in many and
diverse ways.

Higher temperatures and changes in precipitation and climate variability are
likely to alter the geographical range and seasonality of some climate sensitive
vectors—potentially extending the range and season of some vector-borne dis-
eases, contracting them for others. Heavy rainfall and increases in water surface
temperature are associated with contamination of marine and fresh water with
water-borne diseases. Countries lying in the tropics are highly vulnerable to
climate sensitive infectious diseases and are likely to experience greater impacts
than those in the colder regions. The greatest increases in thermal stress are 
forecasted in the mid to high latitude cities especially in populations with 
non-adapted architecture and no air conditioning. There has been increasing 
frequency of natural disasters in certain regions since the 1990s; these could 
continue to increase with a higher frequency and severity.
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Knowledge is still limited in many areas, for example:

• the contribution of short-term climate variability to disease incidence needs
further research;

• early warning systems for prediction of disease outbreaks, heatwaves and
other extreme events need to be developed further and validated;

• there is a risk that frequent extreme events may lead over time to weakened
adaptive capacity. To evaluate and correct this deficiency methods are needed
to carry out national and regional level assessments for adaptive capacity.

Remaining challenges for scientists

In many respects, climate change is a different kind of problem to those that
health scientists are accustomed to studying. To respond, new approaches and
thoughtful recasting of existing scientific methods are needed. For example, to
appreciate the possible impacts of climate change it is necessary (although not
sufficient) to understand the present-day effects of weather and climate vari-
ability on health. From this understanding, and given the rate and extent of
global climate change, there may be opportunities to study directly the early
effects on human health. These impacts will depend largely on how successfully
human societies can adapt to this threat. Processes of adaptation therefore com-
prise a key research area in their own right.

Further, a particular challenge is posed by uncertainties. Conventional quan-
titative risk assessment, based on well-documented risks in today’s world and
applied to existing population exposure profiles, can yield reasonable precision:
that is, statistical and situational uncertainties often can be greatly reduced.
However, forecasting future risks to health from the complex processes of large-
scale environmental change entails an unusual range of uncertainties (14).

Uncertainties in climate change science come from many sources. Some
depend on data or arise from uncertainties about the structure of models or their
key parameter values, some result from differing projections of social, demo-
graphic and economic futures, others reflect divergence of values and attitudes.
The precautionary principle assumes importance because of these uncertainties
in forecasting the consequences (health and otherwise) of climate change. Where
scientific knowledge is uncertain and the situation complex, and where there is
a finite (though perhaps small) risk of serious (possibly irreversible) damage to
population health, then preventive action should be taken. That is, in such poten-
tially serious situations, scientific uncertainty does not justify policy inaction.
Some key areas to address in current and future research include:

• identifying areas where first effects of climate change on human health will
be apparent;

• improving estimates of climate change impacts by a combination of antici-
pated trends in adaptive capacity and climate scenarios;

• identifying the most helpful ways of expressing uncertainties associated
with studies of climate change and health.

Extreme climate events

It can be difficult to understand climate change’s relevance to health. The impact
of a small magnitude change in mean temperature can seem insignificant as 
a respectively small magnitude change in sea level. The importance of such
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changes is in the way that they can indicate shifts in the distribution of health-
relevant climate elements, especially their extreme values. For example, an
increase in the mean temperature implies that new record high temperatures are
likely but does not imply a corresponding change in the range between hottest
and coldest temperatures (11) that comes with an increase in the variability.
Other characteristics become apparent when both the mean and the variability
change.

Analysis of the potential extremes associated with climate change is both
complex and important: extreme weather conditions influence the health out-
comes that the public health community will have to handle. The IPCC’s Third
Assessment Report projected changes in extreme climate events that include
higher maximum temperatures; more hot days and heatwaves; more intense pre-
cipitation events; increased risk of drought; increase in wind and precipitation
regimes of tropical cyclones (over some areas); intensified droughts and floods
with El Niño events; and increased variability in Asian summer monsoon 
precipitation.

In assessing future health impacts, analogue studies of extreme events and
human health can provide important clues about the interactions between
climate, ecosystems and human societies that may be triggered by future climate
trends. Localized effects of simple climate extremes are readily quantifiable in
many situations. This is not the case for complex climate extremes although these
would provide important qualitative insights into these relationships, and the
factors affecting population vulnerability, and thus be of greatest value for public
health.

There is good evidence of associations between important communicable dis-
eases and climate on several temporal and geographical scales. The increasing
trend of natural disasters is due partly to more complete reporting, partly to an
increase in population vulnerability. Poverty, population growth and migration
are major contributory factors affecting this vulnerability. Especially in poor
countries, the impacts of major vector borne diseases and disasters can limit or
even reverse improvements in social development. Research gaps to be addressed
include:

• further modelling of relationships between extreme events and health
impacts, especially in poor countries;

• improved understanding of factors affecting vulnerability to climate extremes;
• assessment of the effectiveness of adaptation measures in different settings.

Infectious diseases

Indirectly transmitted infectious diseases (e.g. via insect vectors or water) are
highly susceptible to a combination of ecological and climatic factors because of
the numerous components in their transmission cycles, and the interaction of
each of these components with the external environment. Insights specifically
related to climate changes’ influence on infectious diseases can be derived from
past disease epidemics and seasonal fluctuation; long term disease trend analy-
sis; and predictive models capable of estimating how future scenarios of differ-
ent climatic conditions will affect the transmissibility of particular infectious
diseases. Over the past 30 years, observed intensification of El Niño in the Bay
of Bengal paralleling increasing proportions of cholera cases may be one of the
first pieces of evidence that warming trends are affecting human infectious 
diseases (15, 16).
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Pathways through which weather conditions affect infectious diseases are vari-
able and far greater than simply warmer temperatures. Precipitation extremes,
humidity, and sea level change all can influence particular diseases. Certain 
moderating factors are important in examining how climate affects disease. 
These include socio-demographic influences such as human migration and trans-
portation, drug resistance, and nutrition; as well as environmental influences
such as deforestation or habitat fragmentation, agricultural development and
water projects, biodiversity loss, and urbanization.

There remain many research and data needs. Disease incidence data is needed
to provide a baseline for epidemiological studies. The lack of precise knowledge
of current disease incidence rates makes it difficult to comment about whether
incidence is changing as a result of climatic conditions. Research teams should
be international and interdisciplinary, including epidemiologists, climatologists
and ecologists to assimilate the diversity of information from these respective
fields. The MARA project (17) serves as an excellent example for a useful vali-
dated predictive malaria model. Incorporating socioeconomic understanding of
the adaptive capacity for societies affected by health outcomes of climate change
will help predict population vulnerability, thereby optimizing preventive policies.

The burden of disease

It is not easy to assess and evaluate the risks posed to population health by global
climate change. For a start, the empirical evidence implicating recent trends in
regional and global climate in altered health outcomes is sparse. More generally,
incomplete knowledge of how changes in climatic conditions affect a range of
health outcomes makes it impossible to predict with confidence the range, timing
and magnitude of likely future health impacts of global environmental changes.
In spite of these limitations, estimation of the potential burden of disease due to
climate change would help decision-makers to assess the potential magnitude of
the problem (in human health terms) and assist the decision-making process con-
cerned with adaptation. Considering only better-studied climate and health
causal relationships, 150000 deaths and 5.5 million DALYS can be attributed to
climate change in 2000 (18).

Under conservative assumptions, the best models currently available indicate
potential increases in the risk of diarrhoea, malaria, dengue, malnutrition, deaths
and injuries from flooding, and heat-related mortality in tropical countries. These
would be large enough to constitute a significant public-health impact within the
next 30 years. Although there are predictions of some benefits of climate change
in terms of reduced cardiovascular and respiratory mortality associated with low
winter temperatures, mainly at higher latitudes, probably these will be small
compared to negative effects elsewhere. The risks are heavily concentrated in
populations of poorer tropical regions, mainly because poor socioeconomic 
conditions and infrastructure offer less protection against increased risks. Unless
measures are taken to reduce overall risks in these populations, there will be
unequal impacts on the health of the poor and marginalized groups.

Although the impacts potentially are large, estimates remain imprecise due to
the uncertainties around climate predictions, climate-health relationships and
possible future adaptation. Models that are driven mainly by changes in pre-
cipitation (inland flooding and malnutrition) are particularly uncertain. Key
research gaps remain. There is a need, for example, for all impact models to be
based on larger baseline datasets from a wider range of climate and socioeco-
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nomic conditions, and to be validated routinely against past and present disease
distributions. More quantitative measures of adaptation and vulnerability also
are needed in order to give better estimates of the degree to which potential risks
of climate change are likely to be offset, or exacerbated, by changing socioeco-
nomic conditions and biological adaptation. Improved probabilistic representa-
tion of all sources of uncertainty around predictions, including climate scenarios,
disease-climate relationships and future adaptation is needed. There is also a 
need for improved methods of estimating the health impacts of changes in the
frequency of extreme events and indirect causal pathways (e.g. population 
displacement due to flooding) which are difficult to model quantitatively.

Stratospheric ozone depletion, climate change and health

Stratospheric ozone depletion essentially is a different process from climate
change. However, the phenomenon of the climate’s greenhouse-warming shares
many of the chemical and physical processes involved in the depletion of stratos-
pheric ozone (19). Some greenhouse gases contribute to stratospheric ozone
destruction. Agreements among nations (Montreal Protocol) have achieved
reductions in ozone-depleting gases and it is expected that stratospheric ozone
depletion will begin to decline in a decade or so. With all other sources assumed
constant, the recovery of stratospheric ozone is expected to be underway by the
second quarter of this century, and should be substantially complete by the third
quarter. Unfortunately for climate change, that result is not all positive. Substi-
tutes for the CFCs are known to contribute to greenhouse-warming, confirmed
by global observations. Another confounding effect is that as ozone depletion acts
to cool the climate system, ozone recovery is actually expected to contribute to
climate warming.

“Failure to comply with the Montreal Protocol and its amendments would sig-
nificantly delay or even prevent the ozone layer’s future recovery jeopardizing,
among others, public health.” (20). A review of the evidence has been presented,
for three main categories of health impact: skin cancers (adverse impact); eye
disorders (adverse impact); immune-related processes and disorders (mixed
impact—some adverse, some potentially beneficial). The epidemiological evi-
dence for causation is best for skin cancers, less consistent for eye disorders and
incomplete for immune-related disorders. Further research is required to under-
stand this important risk factor. With knowledge of the changing climate (in addi-
tion to information and education campaigns in countries) patterns of individual
and community sun-seeking and sun-avoiding behaviour will change, variably,
around the world with consequent impacts on the received personal doses of
ultraviolet radiation.

National assessments

Several countries, developed and developing, have undertaken national assess-
ments of the potential health impacts of climate change that provide important
information about future impacts on vulnerable areas and populations. However
there is a need to improve and standardize the health impact assessment tools
and methods. Quantitative epidemiological methods can allow some estimation
of the range of magnitude of potential impacts, but the uncertainties surround-
ing those estimates are, so far, poorly described. Health impact assessments
should provide information for, or feed into the process of, the UNFCCC national
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communications and other climate change assessments, strategies or action 
plans.

Much remains to be done: few comprehensive national assessments have been
undertaken, even fewer in the most vulnerable populations and countries.
Assessments in these populations would require some basic research on climate
and health relationships, particularly in key areas such as diarrhoeal disease,
vector-borne disease and malnutrition. More accurate climate information at 
the local level, particularly on climate variability and extremes, also is a pre-
requisite for impact assessment. Methods and tools for such assessments are 
still being developed.

Monitoring climate change impacts on human health

Climate change is likely to cause incremental changes in the frequency or dis-
tribution of diseases that also are affected by several other factors. In their report
on malaria early warning systems Thomson and Connor stressed that the com-
monest causative factor in malaria epidemics is “abnormal meteorological con-
ditions, which temporarily change the ecological equilibrium between host(s),
vector(s) and parasite(s)” (21). Monitoring to assess climate-change impacts on
health therefore requires data gathering coupled with analytical methods for
quantifying the climate-attributable part of such diseases.

Monitoring and surveillance systems in many parts of the world currently are
unable to provide data on climate-sensitive diseases (e.g. diarrhoea or vector-
borne diseases) that are sufficiently standardized and reliable to allow com-
parisons over long time periods or between locations. Some aspects of disease
systems (e.g. seasonality of biting patterns of disease vectors) are likely to be
affected by climate and little else. Standardized long-term monitoring of such
indicators could provide direct evidence of climate-change impacts on health. For
the majority of impacts, however, simple long-term measurement of climate and
disease may be uninformative as there will be many alternative explanations for
any observed trends. In such cases, evidence on short-term meteorology-disease
relationships applied to measured change in climate can be used as an indirect
means of estimating climate change-related impacts on health. In addition, 
long-term surveillance should encompass variables that may confound observed
associations between climatic changes and disease incidence.

Current research gaps include the need for more standardized surveillance of
climate-sensitive health states, especially in developing countries. This is an argu-
ment for strengthening systems designed to meet current needs rather than cre-
ating new systems specifically to detect climate change impacts on human health.
Also there is a need to facilitate both access to health data (especially from devel-
oping countries) and its linkage to information on climate and determinants of
vulnerability.

Adapting to climate change

Since changes in the world’s climate are occurring already and will continue in
future decades, if not centuries, there is now a clear need for adaptation policies
to complement mitigation policies. Efficient implementation of adaptation strate-
gies can significantly reduce adverse health impacts of climate change.

Outside the health sector, adaptation options for managed systems such as
agriculture and water supply generally are increasing because of technological
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advances. However, many developing countries have limited access to these tech-
nologies, appropriate information, finance or adequate institutional capacity. The
effectiveness of adaptation strategies will depend upon cultural, educational,
managerial, institutional, legal and regulatory practices that are both domestic
and international in scope. In order to adapt for health impacts there is a criti-
cal general need for a sound and broadly-based public health infrastructure
(including environmental management, public education, food safety regimes,
vaccination programmes, nutritional support, emergency services and health
status monitoring). This must be supplemented by health-directed policies in
other sectors, including transport, urban planning, industry, agriculture, fisheries,
energy, water management and so on.

Human populations vary in their vulnerability (or susceptibility) to certain
health outcomes. The vulnerability of a population depends on factors such as
population density, level of economic development, food availability, local envi-
ronmental conditions, pre-existing health status and the availability of public
health-care. It also depends on various structural and politically determined 
characteristics. Adaptive capacity in health systems varies among countries 
and socioeconomic groups.

The poorest groups in the poorest countries have the least ability to cope with
climate change. Poor populations will be at greatest health risk from climate
change because of their lack of access to material and information resources and
because of their typically lower average levels of health and resilience (nutri-
tional and otherwise). Long-term improvement in the health of impoverished
populations will require income redistribution, increased employment opportu-
nities, better housing and stronger public health infrastructure. Services with a
direct impact on health, such as primary care, disease control, sanitation and dis-
aster preparedness and relief, also must be improved. Development plays an
important role in determining the adaptive capacity of communities and nations;
enhancing adaptive capacity is necessary to reduce vulnerability. The reduction
of socioeconomic vulnerability remains a top priority.

Implementation of adaptation measures usually will have near-term as well
as future benefits due to reduction in impacts associated with current climate
variability. In addition, adaptation measures can be integrated with other health
objectives and programmes. For example, basic adaptation to climate change can
be facilitated by improved environmental and health monitoring and surveillance
systems. Basic indices of population health status (e.g. life expectancy) are avail-
able for most countries. However, disease (morbidity) surveillance varies widely
depending on locality and the specific disease. To monitor disease incidence or
prevalence (which may often provide a sensitive index of impact), low-cost data
from primary care facilities could be collected in sentinel populations.

Although many actions need to be implemented with some urgency, decision-
makers will benefit from research that answers specific questions. There is a key
need for research on barriers and opportunities for enhancing adaptive capacity
in order to protect human health, as well as potential interactions with ongoing
development projects and programmes. Research also is needed on the processes
of “adaptation decision-making”, including identifying the roles and responsibil-
ities of individuals, communities, nations, institutions and the private sector in
adaptation. In addition, research on the costs and effectiveness of autonomous
and planned adaptation measures is needed to assist in evaluating adaptation
options.
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Responses: from science to policy

It is clear that the magnitude and character of the problem of global climate
change is such that a community-wide understanding and response is required,
albeit guided by policy-makers provided with comprehensive advice from the
international scientific community. Policy-focused assessment is a valuable
process for providing timely and useful information to policy-makers, resource
managers and other stakeholders in the public health community. Such assess-
ments have already influenced—and are continuing to influence—policy and
resource management decisions of interest to the public health community. 
A successful policy-focused assessment of the potential health impacts of 
climate change should have several key characteristics. These include the 
following:

• multidisciplinary assessment team;
• each assessment to answer in a timely fashion questions asked by stake-

holders in the public health community;
• evaluation of risk management adaptation options;
• identification and prioritization of key research gaps;
• characterization and explanation of uncertainties and their implications for

decision-making;
• development of tools in support of decision-making processes.

In addition, care must be taken to respect the boundary between assessment 
and policy formulation. Policy decisions are based on scientific assessments but
also should include other considerations that reflect societal values (e.g. equity
considerations) and other factors that affect decision-making (e.g. political 
feasibility).

The existence of scientific uncertainties about climate change and its poten-
tial health impacts does not preclude policy-makers from taking actions in antic-
ipation of the health impacts of climate change. There are numerous examples
in public health where improvements in health were achieved through effective
actions before full scientific evidence was produced. Perhaps one of the most
cited examples is that of John Snow’s investigation and actions to stop a cholera
epidemic in London, in 1854, a time when there were widely divided opinions
on the causes of infectious diseases. Applying the yet unnamed precautionary
principle, Snow managed to convince the relevant authorities to close down the
water pump he identified as the source of the epidemic. The words of another
famous epidemiologist note that action need not follow comprehensive scientific
proof: “All scientific work is incomplete—whether it be observational or exper-
imental. All scientific work is liable to be upset or modified by advancing knowl-
edge. This does not confer upon us a freedom to ignore the knowledge that we
already have, or to postpone the action that appears to demand at a given time”
(9).

Numerous research questions about the potential impacts of climate change
on human health have been identified. These need to be assessed and prioritized
in order to be able to answer clearly the most important research gaps in each
particular case and location. There is also an urgent need to perform assessments
of adaptation strategies to reduce the risks to public health from climate change.
For each adaptation option, assessments must evaluate the costs, benefits, effec-
tiveness (in practice), barriers to implementation and risks of maladaptation.
Finally better decision-support tools must be identified or developed to help
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public health officials make decisions under uncertainty, given available assess-
ment results.

Concluding remarks

International agreements to deal with global environmental issues such as
climate change should invoke the principles of sustainable development pro-
posed in Agenda 21 and the UNFCCC. These include the precautionary princi-
ple described earlier, the principle of costs and responsibility, implying that the
cost of pollution or environmental damage should be borne by those responsi-
ble, and that of equity. Considerations of equity or fairness can apply within and
between countries and over time (between generations). Equity implies having
equal or similar opportunities, allowing all to maintain an acceptable level of
living conditions or quality of life. The balance of benefits and costs of climate
change, for example, is likely to differ between affluent communities in wealthy
countries and marginal populations in poor countries, and between current gen-
erations (some may benefit from early stages of warming) and future genera-
tions (costs will outweigh benefits, if forecast warming trends continue). Box 4
shows how these key principles are described in Agenda 21 and UNFCCC.
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BOX 13.4 Key principles in Agenda 21 and UNFCCC

Precautionary approach
Agenda 21:
In order to protect the environment, the precautionary approach shall be widely
applied by States according to their capabilities. Where there are threats of serious
or irreversible damage, lack of full scientific certainty shall not be used as a reason
for postponing cost-effective measures to prevent environmental degradation.

UNFCCC:
The Parties should take precautionary measures to anticipate, prevent or minimize
the causes of climate change and mitigate its adverse effects. Where there are threats
of serious or irreversible damage, lack of full scientific certainty shall not be used as
a reason for postponing such measures, taking into account that policies and mea-
sures to deal with climate change should be cost-effective so as to ensure global ben-
efits at the lowest possible cost.

Costs and responsibility
Agenda 21:
National authorities should endeavour to promote the internationalization of envi-
ronmental costs and the use of economic instruments, taking into account the
approach that the polluter should, in principle, bear the cost of pollution, with due
regard to the public interest and without distorting international trade and invest-
ment.

UNFCCC:
The Parties should protect the climate system for the benefit of present and future
generations of humankind on the basis of equity and in accordance with their common
but differentiated responsibilities and respective capabilities. Accordingly, the devel-
oped countries should take the lead in combating climate change and the adverse
effects thereof.

Continued



Adherence to these principles would make a substantial contribution towards the
prevention of any future global environmental threat and the reduction of exist-
ing ones. As climate change processes already are underway, efforts also must
focus on assessing current and future vulnerabilities and identifying necessary
interventions or adaptation options. Adaptation has the potential to reduce
adverse effects of climate change but is not expected to prevent all damages (22).
Therefore, early planning for health is essential to reduce, hopefully avoid, near
future and longer-term health impacts of global climate change. The optimal
solution, however, is in the hands of governments, society and every 
individual—a commitment for a change in values to enable a full transition to
sustainable development.
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absolute humidity: The mass of water vapour in a given volume of air.
acclimatization: Physiological and/or behavioural adaptation to climate.
acid rain (deposition): Precipitation that has a pH lower than about 5.0, the

value produced when naturally occurring carbon dioxide, sulfate and nitro-
gen oxide dissolve into water droplets in clouds. Increases in acidity may
occur naturally (e.g. following emissions of aerosols during volcanic eruptions)
or as a result of human activities (e.g. emission of sulfur dioxide during fossil
fuel combustion).

acute effect: Short-lived effect (in contrast to chronic effect).
adaptability: See adaptive capacity.
adaptation: Adjustment in natural or human systems to a new or changing

environment. Adaptation to climate change refers to adjustment in response
to actual or expected climatic stimuli or their effects, which moderates harm
or exploits beneficial opportunities. Various types of adaptation can be distin-
guished, including anticipatory and reactive adaptation, public and private
adaptation, and autonomous and planned adaptation.

adaptation assessment: The practice of identifying options to adapt to climate
change and evaluating them in terms of criteria such as availability, benefits,
costs, effectiveness, efficiency, and feasibility.

adaptation costs: Costs of planning, preparing for, facilitating, and implement-
ing adaptation measures, including transition costs.

adaptive capacity: The ability of a system to adjust to climate change
(including climate variability and extreme events) to moderate potential
damages, take advantage of opportunities or cope with the consequences.

aeroallergen: Any of various airborne substances, such as pollen or spores,
which can cause an allergic response.

aerosol: A collection of airborne solid or liquid particles with a typical size of
0.01–10mm which are present in the atmosphere. Aerosols are an important
source of negative radiative forcing and acid rain.

age related macular degeneration (AMD): An acquired degenerative disease
which affects the central retina of patients most commonly over the age of 60. 

air mass: Synoptic meteorological characterization of the entire body of air and
its qualities. Air masses can be determined empirically using a combination 
of meteorological variables which include temperature, relative humidity,
wind speed, wind direction, and barometric pressure.

albedo (whiteness): The fraction of solar radiation reflected by a surface or
object, often expressed as a percentage. Snow covered surfaces have a high

Glossary1

1 The glossary was prepared by Katrin Kuhn, London School of Hygiene and Tropical Medicine,
London, England.



albedo; the albedo of soils ranges from high to low; vegetation covered sur-
faces and oceans have a low albedo. The Earth’s albedo varies mainly through
varying cloudiness, snow, ice, leaf area, and land cover changes.

algal blooms: Abnormally increased biomass of algae in a lake, river, or ocean.
amoebiasis: An infection of the large intestine by the protozoan parasite 

Entamoeba histolytica. The disease is frequently asymptomatic and varies from
dysentery with fever, chills, and bloody or mucoid diarrhoea to mild abdom-
inal discomfort with diarrhoea containing blood or mucus alternating with
periods of constipation or remission.

amplification: The sharp increase in the size of a pathogen population, usually
occurring in an amplifying host. See also reservoir host.

Annex I countries: Group of countries included in Annex I (as amended in
1998) to the UNFCCC, including all the developed countries in the Organi-
sation for Economic Cooperation and Development, and economies in transi-
tion. By default, the other countries are referred to as non-Annex I countries.

anomaly: An event which is a deviation from normal behaviour that has a finite
but very low probability of occurring.

a posteriori: See a priori.
a priori: Type of knowledge which is obtained independently of experience. A

proposition is known a priori if one does not refer to experience to declare it
true or false. Conversely, a posteriori, means knowledge gained through the
senses and experience.

anthropogenic: Caused or produced by human activity. For example sulfate
aerosols which are present in the troposphere due to the industrial emission
of sulfur dioxide are called anthropogenic.

anthropogenic emissions: Emissions of greenhouse gases and aerosols
associated with human activities. These include fossil fuel burning 
for energy, deforestation and land use changes that result in net increase in
emissions.

anthroponosis: A disease of humans which can be transmitted to other animals.
arbovirus: Viruses transmitted by arthropods (arbo = arthropod borne). 

Examples include the dengue virus, St. Louis encephalitis, Western equine
encephalitis and yellow fever.

arid region/zone: Ecosystem which receives less than 250mm precipitation
per year.

atmosphere: The gaseous envelope surrounding the Earth. The dry atmosphere
consists almost entirely of nitrogen and oxygen, together with a number of
trace gases such as argon, helium and radiatively active greenhouse gases
such as carbon dioxide and ozone. In addition, the atmosphere contains
water vapour, clouds, and aerosols.

AOGCMs: Atmosphere-Ocean general circulation models. See climate models.
atopic eczema: Excess inflammation (dermatitis) of the skin and linings of the

nose and lungs. It is very common in all parts of the world, mainly affecting
infants and young adults.

attribution: See detection and attribution.
AIMS: Australian Institute of Marine Science.
autoimmune diseases: Any disorder in which the immune system mistakenly

attacks the cells, tissues, and organs of a person’s own body. There are many
different autoimmune diseases, and they can each affect the body in different
ways. For example, the autoimmune reaction is directed against the brain in
multiple sclerosis and the gut in Crohn’s disease.
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basal metabolic rate: The minimal caloric requirements needed to sustain life
in a resting person (i.e. a measure of the energy used by the body to main-
tain those processes necessary for life).

basic reproduction rate (R0): A quantitative measure of the ability of a vector-
borne disease to spread through a population. It is defined as the number of
new cases of a disease which will arise from one current case when introduced
into a non-immune host population during a single transmission cycle. A
disease with a basic reproduction rate less than 1 will not spread in the com-
munity (i.e. become endemic). This rate will apply during the initial stages of
spreading as the rate of disease spread will slow once the population has
acquired some immunity.

billion: One thousand million, or 109.
biodiversity: The numbers and relative abundances of different genes (genetic

diversity), species, and ecosystems (communities) in a particular area.
biofuel: A fuel produced from dry organic matter or combustible oils produced

by plants.
biological model: a mathematical approach to determine the relationship

between environmental variables and an outcome of interest (e.g. the distri-
bution of disease vectors) using biological associations between the environ-
ment and aspects of population dynamics (e.g. how insect development rates
change with temperature). Unlike statistical models, this approach requires
detailed understanding of disease population dynamics.

biomass: The total mass of living organisms in a given area or volume: recently
dead plant material is often included as dead biomass.

biome: A grouping of similar plant and animal communities that reflects the
ecological and external character of the fauna in question. Biomes correspond
approximately climatic regions, e.g. tropical rain forest biome, desert biome,
and tundra biome.

biosphere: The part of the Earth’s system comprising all ecosystems and living
organisms in the atmosphere, on land (terrestrial biosphere), or in the oceans
(marine biosphere), including derived dead organic matter such as litter, soil
organic matter, and oceanic detritus.

biotoxin: Toxin produced by a living organism.
capacity building: In the context of climate change, capacity building is a

process of developing the technical skills and institutional capability in devel-
oping countries and economies in transition to enable them to participate in
all aspects of adaptation to, mitigation of, and research on climate change.

carbon dioxide (CO2): A naturally occurring gas as well as a by-product of
burning fossil fuels and land-use changes and other industrial processes. It
is the principal greenhouse gas which affects the Earths radiative balance
and the reference gas against which other greenhouse gases are measured.

carbon sink: Repository for carbon dioxide removed from the atmosphere.
Oceans appear to be major sinks for storage of atmospheric CO2.

carrying capacity: The number of individuals in a population that the resources
of a habitat can support at a given point in time.

cataract: A clouding of the natural lens (the part of the eye responsible for focus-
ing light and producing clear, sharp images) which is a natural result of the
ageing process. Cataracts are the leading cause of visual loss in adults of 55
years and older.

CDC: Centers for Disease Control and Prevention.
chlorofluorocarbons (CFCs): Halogenated chemicals which are used for refrig-
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eration, air conditioning, packaging, insulation, solvents, or aerosol propel-
lants. They are all covered under the 1987 Montreal Protocol. Since they
are not destroyed in the lower atmosphere, CFCs drift into the upper atmos-
phere where, given suitable conditions, they break down ozone. These gases
are being replaced by other compounds, including hydrochlorofluorocarbons,
covered under the Kyoto Protocol.

chloroquine: Medication used to treat and prevent malaria.
cholera: An intestinal infection, caused by the bacterium Vibrio cholerae, which

results in frequent watery stools, cramping abdominal pain, and eventual col-
lapse from dehydration. It is thought that zooplankton in cold waters may
carry large number of cholera vibrios on their bodies. Zooplankton feed by
grazing on phytoplankton which bloom with sunshine and warm condi-
tions. Thus, a phytoplankton (algal) bloom may lead to an increase in the 
population of zooplankton which carry the vibrios.

chronic effect: Long-lasting effect (in contrast to acute effect).
CI: Conservation International (a non-governmental organisation).
ciguatera fish poisoning: Food-borne disease caused by ingestion of neuro-

toxins in certain fish. The toxins may become concentrated in higher preda-
tors, such as reef fish, which may remain toxic for more than two years after
becoming contaminated. The symptoms of acute poisoning include gastroin-
testinal distress, followed by neurological and cardiovascular problems which
are rarely fatal. Ciguatera is considered a major health and economic problem
on many tropical islands where fish forms a large part of the diet.

CITES: Convention on International Trade in Endangered Species of Wild Fauna
and Flora.

climate: Usually defined as the “average weather” or more rigorously as the sta-
tistical description in terms of the mean and variability of relevant quantities
over a period of time ranging from months to thousands or millions of years.
The classical period is 30 years as defined by the WMO. These relevant quan-
tities are most often surface variables such as temperature, precipitation and
wind.

climate change: Refers to a statistically significant variation in either the mean
state of the climate or in is variability, persisting for an extended period 
(typically decades or longer). Climate change may be due to natural internal
processes or external forcings, or to persistent anthropogenic changes in the
composition of the atmosphere. The UNFCC defines climate change as “a
change of climate which is attributed directly or indirectly to human activity
that alters the composition of the global atmosphere and which is in addition
to natural climate variability observed over comparable time periods”. See also
climate variability.

climate models: A numerical representation of the climate system based on
the physical, chemical, and biological properties of its components, their inter-
actions and feedback processes, and accounting for all or some of its known
properties. The climate system can be represented by models of varying com-
plexity, differing in such aspects as number of spatial dimensions and the
extent to which physical, chemical, or biological processes are represented.
Coupled atmosphere–ocean general circulation models (AOGCMs)
provide a comprehensive representation of the climate system. There is an
evolution towards more complex models with active chemistry and biology.
Climate models are applied as a research tool to study and simulate the climate
but also for operational purposes including climate predictions.
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climate system: The highly complex system consisting of five major compo-
nents: the atmosphere, the hydrosphere, the cryosphere, the land surface,
and the biosphere and the interactions between them. The climate system
evolves in time under the influence of its own internal dynamics and because
of external (e.g. volcanic eruptions) and human forcings (e.g. changing com-
position of the atmosphere).

climate variability: Variations in the mean state and other statistics (e.g. stan-
dard deviations, the occurrence of extreme events etc) of the climate on all
temporal and spatial scales beyond that of individual weather events. Vari-
ability may be due to natural internal processes within the climate system
or to variations in natural or anthropogenic external forcing.

confidence interval: An estimated range of values which is likely to include an
unknown population parameter, the estimated range being calculated from a
given set of sample data. If independent samples are taken repeatedly from
the same population, and a confidence interval calculated for each sample,
then a certain percentage (confidence level) of the intervals will include the
unknown population parameter. Confidence intervals are usually calculated
so that this percentage is 95%.

confounding factors: Any factor associated with the exposure under study
and considered risk factors for the disease in their own right (i.e. not just inter-
mediate variables on the pathway between exposure and disease).

copepods: Small crustaceans which are the most numerous multi-celled animals
in the aquatic community. Their habitats range from the highest mountains to
the deepest ocean trenches, and from the cold polar ice-water interface to the
hot active hydrothermal vents. Copepods may be free-living, symbiotic, or
internal or external parasites on almost every phylum of animals in water. They
also have the potential to control malaria by consuming mosquito larvae and
are thought to be intermediate hosts for many human and animal parasites.

coping ability/capacity: The variation in climatic stimuli that a system can
absorb without producing significant impacts.

coral bleaching: The paling in colour of corals resulting from a loss of symbi-
otic algae. Bleach occurs in response to physiological shock in response to
abrupt changes in temperature, salinity, and turbidity. Mass-bleaching events
have been associated with small changes in sea temperature.

Coriolis force: A bending force causing any movement on the Northern hemi-
sphere to be diverted to the right when the globe is rotating (in the Southern
hemisphere it is bent to the left).

cost-effective: A criterion that specifies whether a technology of measure deliv-
ers a service at an equal or lower cost than current practice, or the least-cost
alternative for the achievement of a given target.

CRED: The Centre for Research on the Epidemiology of Disasters.
cryosphere: The component of the climate system consisting of all snow, ice,

and permafrost on and beneath the surface of the earth and ocean.
cryptosporidium: Genus of parasites of the intestinal tracts of fishes, reptiles,

birds, and mammals. A particular species isolated in humans has been identi-
fied as Cryptosporidium parvum. Cryptosporidiosis, or Cryptosporidium infec-
tion, is today recognized as an important opportunistic infection, especially in
immunocompromised hosts.

CMM: Cutaneous malignant melanoma.
Cytomegalovirus (CMV): A virus related to the herpes virus. It is so common

that almost 100 percent of adults in developing countries and 50 percent to
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85 percent of adults in developed world are infected. Usually the virus causes
no serious problems, however in immunocompromised hosts and newborns
of infected mothers cytomegalovirus can be fatal.

demography: The study of populations, especially with reference to size and
density, fertility, mortality, growth, age distribution, migration, and the inter-
action of all these factors with social and economic conditions.

dengue/dengue haemorrhagic fever (DHF): An acute febrile syndrome
caused by dengue arbovirus type 1–4, commonly transmitted by the 
mosquitoes Aedes aegypti and Ae. albopictus which breed in small water 
bodies in containers, car tyres etc. Dengue is often called breakbone fever
because it is characterized by severe pain in joints and back. Subsequent infec-
tions of dengue virus may lead to dengue haemorrhagic fever which can be
fatal.

desert: An ecosystem which receives less than 100mm precipitation per year.
detection and attribution: Detection of climate change is the process of

demonstrating that climate has changed in some defined statistical sense,
without providing a reason for that change. Attribution of causes and effects
of climate change is the process of establishing the most likely causes for the
detected change or effect with some defined level of confidence.

diphtheria: An acute toxin-mediated bacterial disease which usually affects the
tonsils, throat, nose and/or skin. It is passed from person to person by droplet
transmission, usually by breathing in diphtheria bacteria after an infected
person has coughed, sneezed or even laughed. Diphtheria can lead to breath-
ing problems, heart failure, paralysis and sometimes death.

direct transmission: Transmission of an infectious disease from human to
human (or animal to animal), without the involvement of intermediate
hosts or reservoirs (e.g. TB, sexually transmitted diseases).

Disability Adjusted Life Year (DALY): An indicator of life expectancy com-
bining mortality and morbidity into one summary measure of population
health to account for the number of years lived in less than optimal health. It
is a health measure developed for calculating the global burden of disease
which is also used by WHO, the World Bank and other organizations to
compare the outcomes of different interventions.

diurnal temperature range: The difference between minimum and maximum
temperature over a period of 24 hours.

dose-response: Association between dose and the incidence of a defined bio-
logical effect in an exposed population. Dose-response relationships are used
to determine the probability of a specific outcome or disease, or risk of a
disease, by extrapolating from high doses to low doses and from laboratory
animals to humans, and using mathematical models that define risk as a
function of exposure dose.

drought: The phenomenon that exists when precipitation has been significantly
below normal recorded levels, causing serious hydrological imbalances.

dysentery: An infection of the gut caused by shigella bacteria. Symptoms
include acute bloody diarrhoea, vomiting, stomach pains and fever.

early warning systems (EWS): A system consisting of Mathematical models
and surveillance measures designed for the early detection, prevention 
and control of an epidemic of infectious disease or other abnormal event 
(e.g. famine or heat waves).

economies in transition: A type of national economy in the process of chang-
ing from a planned economic system to a market economy.
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ecological study: Study in which the analysis of a relationship is based on aggre-
gate or grouped data (such as rates, proportions and means)—i.e. no data are
collected at the individual level.

ecological system/ecosystem: A system of living organisms together in their
physical environment, with specific interactions and exchange of matter,
energy and information. The boundaries of an ecosystem depend on the focus
of interest and can range from very small spatial scales to the entire Earth.

effect modifier: A factor that modifies (alters), by variation in intensity or mag-
nitude, the effect of a risk factor under study; a generic term which includes
interaction, synergism, and antagonism.

El Niño/Southern Oscillation (ENSO): El Niño, in its original sense, is a warm
water current that periodically flows along the coast of Ecuador and Peru. This
event is associated with a fluctuation of the intertropical surface pressure 
patterns and circulation in the Indian and Pacific Oceans, called the Southern
Oscillation. This coupled atmosphere–ocean phenomenon is collective 
known as the El Niño Southern Oscillation or ENSO. During an El Niño event,
the prevailing trade winds weaken and the equatorial counter current
strengthens, causing warm surface waters in the Indonesian area to flow east-
ward to overlie the cold waters of the Peru current. This event has great impact
on the wind, sea surface temperature, and precipitation patterns in the
tropical Pacific. It has climatic effects throughout the Pacific region and in
many other parts of the world. The opposite of an El Niño event is called La
Niña.

EM-DAT: The Emergency Events Database—EM-DAT, created and maintained
by the Université Catholique de Louvain in Belgium. The main objective of
the database is to serve the purposes of humanitarian action at national and
international levels. For example, it allows one to decide whether floods in a
given country are more significant in terms of humans impact than are earth-
quakes, or whether a country is more vulnerable than another.

emerging infectious disease: A disease which is new in the population or
rapidly increasing in incidence or expanding in geographical range.

emission: In the climate change context, the release of greenhouse gases
and/or aerosols into the atmosphere over a specified area and period of time.

emission scenario: A possible pattern of net greenhouse gas and aerosol
emissions for the next hundred years or more. Emission scenarios provide
input for climate models and contribute to the evaluation of future radia-
tive forcing on the atmosphere. Emission scenarios are not predictions of the
future but illustrate the effect of a wide range of economic, demographic, and
policy assumptions. See also SRES.

endemic: Term applied to describe sustained, relatively stable transmission pattern
of an infection within a specified population in a certain locality or region.

entomological inoculation rate (EIR): The number of infectious mosquito
bites a person is exposed to in a certain time period, typically a year.

enzootic disease: An endemic and zoonotic disease—i.e. affecting mainly
animals but with an occasional spill-over to humans such as Rift Valley
Fever, West Nile virus.

epidemic: Occurrence in a community or region of cases of an illness, specific
health-related behaviour, or other health-related events clearly in excess of
normal expectancy. The community or region and the period in which the
cases occur are specified precisely. The number of cases indicating the pres-
ence of an epidemic varies according to the agent, size, and type of popula-
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tion exposed; previous experience or lack of exposure to the disease; and time
and place of occurrence. See also outbreak.

epidemiology: Study of the distribution and determinants of health-related
states or events in specified populations. Epidemiology is the basic quantita-
tive science of public health.

epizootic: An out break (epidemic) of disease in an animal population, often
with the implication that it may also affect humans. See also enzootic.

erythema: Reddening of the skin.
evaporation: The process by which a liquid becomes a gas.
evapotranspiration: The sum total of water lost from land through physical

evaporation and plant transpiration.
exposure: Amount of a factor to which a group or individual was exposed;

sometimes contrasted with dose (the amount that enters or interacts with the
organism). Exposures may be either beneficial or harmful.

extreme event: A weather event that is rare within its statistical reference dis-
tribution at a particular place. Definitions of “rare” vary, but an extreme event
would normally be as rare or rarer than the 10th or 90th percentile. By defin-
ition, the characteristics may vary from place to place. An extreme climate
event is an average of a number of weather events over a certain period of
time, an average which is itself extreme.

extrinsic incubation period: In blood-feeding arthropod vectors, the time
between acquisition of the infectious blood meal and the time when the vector
becomes capable of transmitting the agent. In the case of malaria, this is the
life stages of the parasite spent within the female mosquito vector.

falciparum malaria: See Plasmodium falciparum and malaria.
FAO: Food and Agricultural Organisation of the United Nations.
feedback: an interaction mechanism between processes in the climate system

is called a climate feedback when the result of an initial process triggers
changes in a second process that in turn influences the initial one. A positive
feedback intensifies the original process, and a negative feedback reduces 
it.

first principle: The first law of thermodynamics says that the total quantity of
energy in the universe remains constant. This is the principle of the conser-
vation of energy. The first principle establishes the equivalence of the differ-
ent forms of energy (radiant, chemical, physical, electrical, and thermal), the
possibility of transformation from one form to another, and the laws that
govern these transformations. This first principle considers heat and energy as
two magnitudes of the same physical nature.

flood: Temporary partial or complete inundation of normally dry areas caused
by rapid runoff or overflow from lakes, rivers, or tidal waters.

forcings: See climate system.
forecast: See prediction.
fossil fuels: Carbon-based burning materials from fossil carbon deposits, includ-

ing coal, oil and natural gas.
fossil CO2 (carbon dioxide) emissions: The action of giving off carbon

dioxide resulting from the combustion of fuels from fossil carbon deposits
such as oil, natural gas and coal.

Fourier analysis (spectral analysis): A mathematical analysis that describes
variations within a time series of data in terms of cycles, of different frequen-
cies and amplitudes. It is often used for describing seasonal and longer-term
cyclical variations in disease incidence.
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free radical: Any highly reactive chemical molecule that has at least one
unpaired electron.

fuzzy logic/suitability: An approach to mathematics and computing based on
“degrees of truth” rather than the usual “true or false” (1 or 0) Boolean logic
on which the modern computer is based. Fuzzy logic includes 0 and 1 as
extreme cases of truth (or “the state of matters” or “fact”) but also includes
the various states of truth in between.

GEF: Global Environment Facility.
general circulation: The large scale motions of the atmosphere and the 

ocean as a consequence of differential heating on a rotating earth, aiming to
restore the energy balance of the system through transport of heat and
momentum.

genetic engineering: The techniques used to manipulate genes in an organism
in order to study their functions and their interactions in an environment dif-
ferent from the original one.

Geographical Information System (GIS): System of hardware, software 
and procedures designed for integrated storing, management, manipulation,
analysing, modelling and display of spatially referenced data for solving plan-
ning and management problems.

glacier: A mass of land ice flowing downhill and constrained by the local topog-
raphy. A glacier is maintained by accumulation of snow at high altitudes, 
balanced by melting at low altitudes or discharge into the sea.

Global Positioning System (GPS): A hand-held radio navigation system that
allows land, sea, and airborne users to determine their exact location, veloc-
ity, and time 24 hours a day, in all weather conditions, anywhere in the world.

global warming: Observed and projected temperature increases.
gonotrophic cycle: For blood-feeding arthropods, the interval between blood

meal and egg-laying.
GLWQA: Great Lakes Water Quality Agreement.
greenhouse effect: Greenhouse gases absorb infrared radiation, emitted by

the Earth’s surface, the atmosphere itself due to the same gases and by
clouds. Atmospheric radiation is emitted to all sides, including downward 
to the Earth’s surface. Thus greenhouse gases trap heat within the surface–
troposphere system. This is called the “natural greenhouse effect”. Atmos-
pheric radiation is strongly coupled to the temperature of the level at which
it is emitted. An increase in the concentration of greenhouse gases leads to an
increased infrared opacity of the atmosphere and therefore to an effective radi-
ation into space from a higher altitude at a lower temperature. This causes a
radiative forcing, an imbalance that can only be compensated for by an
increase of the temperature of the surface-troposphere system. This is the
“enhanced greenhouse effect”.

greenhouse gases (GHGs): Those gases in the atmosphere which absorb and
emit radiation at specific wavelengths within the spectrum of infrared radi-
ation emitted by the Earth’s surface, the atmosphere and clouds. Water
vapour, carbon dioxide, nitrous oxide, methane and ozone are the
primary greenhouse gases in the atmosphere. Moreover, there are a number
of entirely human-made gases in the atmosphere, such as the halocarbons
and others dealt with under the Montreal and Kyoto Protocols.

Gross Domestic Product (GDP): The sum of gross value added, at purchaser’s
prices, by all resident and non-resident producers in the economy in a country
or region for a given period of time (normally 1 year), plus any taxes and
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minus any subsidies not included in the value of the products. GDP is an often
used measure of welfare.

Gulf stream (thermohaline current): A well-defined western boundary
current of the North Atlantic, which carries warm, saline tropical water north
and north-eastward along the eastern coast of the United States, joining the
Labrador Current at the Grand Banks, about 40°N and 50°W, to become the
North Atlantic Current; generally swift and deep, it transports a very large
volume of water.

haemorrhagic: Causing or characterised by haemorrhage or bleeding.
halocarbons: A group of human-made chemicals that contain carbon and

members of the halogen family (fluorine, chlorine or bromide). Halocarbons
include chlorofluorocarbons, substances that deplete stratospheric ozone.

hantavirus pulmonary syndrome: A recently identified zoonotic disease,
caused by a virus (hantavirus), carried by rodents. Infection in humans occur
via inhalation or ingestion of materials contaminated with rodent excreta,
although a tick vector may be involved. Early symptoms include fever, fatigue
and muscle aches while late symptoms consist of coughing and shortness of
breath (hence the name).

hard ticks: Ticks of the family Ixodidae, characterised by the presence of a scutum
(dorsal plate) and visible mouthparts from the dorsal side. See also soft ticks.

Health For All: A global health policy aimed at meeting the major challenges
in health during the next decades, that has been developed by the World
Health Organization in consultation with all its national and interna-
tional partners. This policy for the 21st century evolves from the Health-
For-All policy which has been a common aspirational goal since its inception
in 1979.

health impact assessment (HIA): A combination of procedures, methods and
tools by which a policy, project or hazard may be judged as to its potential
effects on the health of a population, and the distribution of those effects
within the population.

heat budget: Heat budgets are a way of studying atmospheric processes to 
indicate the sources and sinks of energy. The atmospheric heat budget shows
where the atmospheric heat energy comes from and where it goes.

heat island effect: Local human-induced climate conditions (high tempera-
tures) in urban areas caused by heat adsorption in concrete, brick and 
pavement surfaces, reduction of convective cooling due to presence of tall
buildings, and reduced evaporative cooling.

helminths: Specific type of parasitic worm.
historical analogue studies: Studies that use a past event to elucidate factors

pertaining to current or future events.
Humboldt current: A cold ocean current of the South Pacific, flowing north

along the western coast of South America. Also called Peru Current.
hydrological cycle: Movement and circulation of water in the atmosphere, on

land surfaces, and through the soils and subsurface of rocks. About 97% of
the world’s water is in the oceans and about 75% of its fresh water takes the
form of glaciers and polar ice. Water vapour in the atmosphere condenses and
appears as dew or precipitation. Liquid water, ice and snow evaporate.

hydroxyl ions/radicals: One of the most toxic and reactive type of free 
radicals.

hypothermia: Condition which occurs when the human body temperature
drops below 35.5°C or 96°F due to exposure to cold. Symptoms include slow
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or irregular speech, shallow or very slow breathing, fatigue, confusion, slow
pulse, weakness or drowsiness, shivering, cold, pale skin.

ice sheet: A glacier of more than 50000km2 in area forming a continuous cover
over a land surface or resting on a continental shelf. There are only two large
ice sheets in the modern world, on Greenland and Antarctica.

impacts: Consequences of climate change on natural systems and human
health. Depending on the consideration of adaptation, we can distinguish
between potential impacts and residual impacts:
• Potential impacts are all impacts that may occur given a projected change

in climate, with no consideration of adaptation.
• Residual impacts are the impacts of climate change that can occur after

adaptation.
immunosuppression: Reduction in the effectiveness of a person’s immune

system. Local immunosuppression occurs at the site of exposure or distur-
bance. Systemic immunosuppression involves a reduction of the body’s
immune response at a site distant from the exposure.

incidence: The number of cases of illness commencing, or of persons falling 
ill, during a given time period within a specified population. See also 
prevalence.

indirect transmission: transmission of an infectious disease with the in-
volvement of intermediate hosts, vectors or reservoirs (e.g. malaria, 
hantavirus).

Industrial Revolution: A period of rapid industrial grown beginning in England
during the second half of the 18th century and spreading to Europe and other
countries. The invention of the steam engine was an important trigger of this
development. The Industrial Revolution marks the beginning of a strong
increase in the use of fossil fuels.

inertia: Delay, slowness, or resistance in the response of the climate, biological
or human systems to factors that alter their rate of change, including contin-
uation of change in the system after the cause of that change has been
removed.

infection rate: Proportion of all individuals in a population infected with a 
specific disease agent.

infrared radiation: Radiation emitted by the Earth’s surface, the atmosphere,
and clouds. It is also known as terrestrial or long-wave radiation. Infrared 
radiation has a distinctive range of wavelengths (spectrum) longer than the
wavelength of the red colour in the visible part of the spectrum.

insecticide: A pesticide used for controlling or eliminating insects.
integrated assessment: A method of analysis that combines results and models

from the physical, biological, economic, and social sciences, and the interac-
tions between these components, in a consistent framework, to evaluate the
status and the consequences of environmental change and the policy
responses to it.

intermediate host: Host of a disease agent other than the one in which sexu-
ally mature forms of the pathogen occur. See also reservoir host.

Intergovernmental Panel on Climate Change (IPCC): A group of experts
established in 1988 by the World Meteorological Organization (WMO)
and the United Nations Environment Programme (UNEP). Its role is to
assess the scientific, technical and socio-economic information relevant for the
understanding of the risk of human-induced climate change, based mainly
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on peer reviewed and published scientific/technical literature. The IPCC has
three Working Groups and a Task Force.

interquartile range: The distance between the 75th percentile and the 25th
percentile. The interquartile range is essentially the range of the middle 50%
of the data.

in vitro: A process that takes place under artificial conditions or outside of the
living organism.

in vivo: A process that takes place inside the living organism.
IHD: Ischaemic heart disease, i.e. heart problems caused by narrowed heart

arteries (also called coronary artery disease and coronary heart disease). Often
causes chest pain known as angina pectoris and can ultimately lead to heart
attack.

Kyoto Protocol: An agreement which was adopted at the third session of the
UNFCCC conference in Japan in 1997. It contains legally binding commit-
ments, in addition to those included in the UNFCCC.

Landsat Thematic Mapper: A U.S. remote sensing satellite used to acquire
images of the Earth’s land surface and surrounding coastal regions.

La Niña: See El Niño Southern Oscillation.
leishmaniasis: Infection with Leishmania parasites, resulting in a group of dis-

eases classified as cutaneous, mucocutaneous or visceral. Transmission is by
sandflies of the genus Phlebotomus or Lutzomyia. In most regions, the trans-
mission cycle involves reservoir hosts (primarily wild or domestic canines
and rodents) but parasites can also be transmitted from person to person by
the bite of sandflies.

leptospirosis: Bacterial infection of humans by the genus Leptospira. Symptoms
include high fever, jaundice, severe muscular pains and vomiting. Transmis-
sion is associated with contact with infected animals or water contaminated
with rat urine. Also known as Weil’s disease.

Lyme disease: A zoonotic bacterial infection caused by the spirochaete Borrelia
burgdoferi and transmitted by hard ticks of the genus Ixodes. The main 
animal reservoir hosts for Lyme disease are wild deer as well as domesti-
cated pets.

lupus erythematosus: An auto-immune illness that affects the skin and inter-
nal organs.

lymphatic (Bancroftian) filariasis: Parasitic disease common in tropical and
subtropical countries. Microscopic parasitic worms (Wuchereria bancrofti or
Brugia malayi) are transmitted to humans by several mosquito species (includ-
ing Anopheles, Aedes and Culex). The worms cause inflammation and eventual
blocking of lymph vessels, resulting in a swelling of the surrounding tissue,
often referred to as elephantiasis.

lymphocytes: White blood cells circulating in blood and lymph and involved 
in antigen-specific immune reactions. Lymphocytes are subdivided into 
B-lymphocytes, which produce circulating antibodies, and T-lymphocytes,
which are primarily responsible for cell-mediated immunity. T-lymphocytes
are divided into cytotoxic lymphocytes which bind to and kill foreign cells,
helper T-lymphocytes which assist antibody production, and suppressor 
T-lymphocytes which inhibit this immune response.

maladaptation: Any changes in natural or human systems that inadvertently
increase vulnerability to climatic stimuli; an adaptation that does not succeed
in reducing vulnerability but increases it instead.
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malaria: Endemic or epidemic parasitic disease caused by four species of the 
protozoan genus Plasmodium which are transmitted to humans by the bite of
female Anopheles mosquitoes. Disease is characterised by high fever attacks and
systemic disorders and is responsible for approximately 2 million deaths every
year, 90% of which occur in Sub-Saharan Africa. Malaria is the most serious
and common vector-borne disease in the world.

MARA: Mapping Malaria Risk in Africa. A collaboration initiated to provide 
an atlas of African malaria, containing relevant information for rational and
targeted implementation of malaria control.

MPAs: Marine Protected Areas.
mathematical models: Representation of a system, process or relationship in

mathematical form in which equations are used to describe the behaviour of
the system or process under study. See also biological and statistical models
and predictive modelling.

melatonin: A hormone produced by the pineal gland in the brain which can
help regulate the symptoms of jet lag or insomnia.

meningococcal meningitis: Cerebrospinal meningitis or fever, characterised by
infection of the fluid (cerebrospinal fluid, or CSF) and tissues (meninges) that
surround the brain and spinal cord. Meningococcal meningitis is caused by
infection with the meningococcus bacteria.

mesosphere: Region of the Earth’s atmosphere above the stratosphere.
meta analysis: Process of using statistical methods to combine the results of dif-

ferent independent studies.
methane (CH4): A hydrocarbon that is a greenhouse gas produced through

anaerobic (without oxygen) decomposition of waste in landfills, animal diges-
tion, decomposition of animal wastes, coal production, and incomplete fossil-
fuel combustion. It is one of the six gases to be mitigated under the Kyoto
Protocol.

micro climate: (i) In climatology: localised climate, incorporating physical
processed in the atmospheric boundary layer. The boundary layer is the lowest
100–200m of the atmosphere and the part of the troposphere that is
directly influenced by Earth’s surface. For example, atmospheric humidity is
influenced by vegetation, ambient air temperatures by building and roads etc.
(ii) in ecology: climatic conditions in the environmental space occupied by a
species, a community of species or an ecosystem. For example, on mountain
slopes, temperatures experienced by plants differ depending on the direction
of the slope. Similarly, in forests, air temperature varies according to canopy
cover and height. In many cases, such differentials are crucial for species sur-
vival and longevity.

minimum erythemal dose (MED): Minimal dose of ultraviolet radiation suf-
ficient to cause erythema.

mitigation: Human intervention to reduce emissions or enhance the sinks of
greenhouse gases.

monitoring: Performance and analysis of routine measurements aimed at
detecting changes in the environment or health status of populations. Not to
be confused with surveillance although surveillance techniques may be used
in monitoring.

Montreal Protocol: The international agreement signed in 1987 to limit the
production and emission of substances that deplete stratospheric ozone. 
The Parties to the Protocol further agreed to the London and Copen-
hagen Adjustments and Amendments in 1990 and 1992, respectively, aimed
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at accelerating the phasing out of ozone-depleting substances by 1 January
1996 (although concessionary delays have been applied to developing 
countries).

morbidity: Rate of occurrence of disease or other health disorder within a 
population, taking account of the age-specific morbidity rates. Health outcomes
include: chronic disease incidence/prevalence, hospitalisation rates, primary
care consultations and Disability-Adjusted-Life-Years (DALYs).

mortality: Rate of occurrence of death within a population within a specified
time period.

Newton’s second law of motion: A physics law which explains how an object
will change velocity if it is pushed or pulled upon. Firstly, this law states that
if you do place a force on an object, it will accelerate, i.e., change its velocity,
and it will change its velocity in the direction of the force. Secondly, this accel-
eration is directly proportional to the force. For example, if you are pushing
on an object, causing it to accelerate, and then you push, say, three times
harder, the acceleration will be three times greater. Thirdly, this acceleration
is inversely proportional to the mass of the object. For example, if you are
pushing equally on two objects, and one of the objects has five times more
mass than the other, it will accelerate at one fifth the acceleration of the other.

nitrous oxide (N2O): A powerful greenhouse gas emitted through soil culti-
vation practices, especially the use of commercial and organic fertilizers, fossil
fuel combustion, nitric acid production, and biomass burning. One of the six
greenhouse gases to be curbed under the Kyoto Protocol.

non-Hodgkin’s Lymphomas (NHL): A type of cancer of the lymphatic system.
There are two main types of lymphoma: (1) Hodgkin’s disease and (2) 
non-Hodgkin’s lymphoma. The two are only distinguishable by microscopic
examination. There are approximately 20 different types of non-Hodgkin’s
lymphoma each with a different characteristic and cell invasion behaviour.

Normalized Difference Vegetation Index (NDVI): A remotely sensed index
which is used to classify the greenness (i.e. vegetation coverage) of an area.
It is related to the proportion of photosynthetically absorbed radiation, and
calculated from atmospherically corrected reflectances from the visible and
near infrared channels detected by remote sensing satellites.

North Atlantic Oscillation (NAO): Opposing variations of barometric pres-
sure near Iceland and the Azores. On average a westerly current between the
Icelandic low pressure area and the Azores high pressure area carries cyclones
with their associated frontal systems towards Europe. However, the pressure
difference between Iceland and the Azores fluctuates and can be reversed at
any time. It is the dominant mode of winter climate variability in the North
Atlantic region.

onchocerciasis: Also known as river blindness. A parasitic disease in the tropi-
cal regions of Africa and America, caused by infestation by a filarial worm
(usually Onchocerca volvulus) and transmitted by the bite of various species of
blackfly. Infection causes subcutaneous nodules and, if worms migrate to the
eye, very often blindness.

oropouche: A virus of the Orthobunyavirus genus causing disease in humans
in the Caribbean and Central and South America. The pathogen is transmit-
ted by the tiny biting midge Culicoides paraensis and causes a self-limiting, acute,
dengue-like febrile illness called ORO fever.

outbreak: An epidemic limited to localised increase in the incidence of a
disease, e.g., in a village, town or closed institution.
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ozone: Form of the element oxygen with three atoms instead of the two that
characterise normal oxygen molecules. Ozone is an important greenhouse
gas. The stratosphere contains 90% of all the ozone present in the atmos-
phere which absorbs harmful ultraviolet radiation. In high concentrations,
ozone can be harmful to a wide range of living organisms. Depletion of stratos-
pheric ozone, due to chemical reactions that may be enhanced by climate
change, results in an increased ground-level flux of ultraviolet-B-radiation.

ozone layer: See stratospheric ozone layer.
Pacific Decadal Oscillation (PDO): A long-lived El Niño-like pattern of Pacific

climate variability. Two main characteristics distinguish PDO from ENSO:
(1) PDO “events” persist for 20-to-30 years, while typical ENSO events persist
for 6 to 18 months and (2) the climatic fingerprints of the PDO are most visible
in the North Pacific/North American sector, while secondary signatures exist
in the tropics—the opposite is true for ENSO.

PAHO: Pan American Health Organization.
paleoclimatology: Study of past climates based on data from fossils and ice cores.
pandemic: Epidemic occurring over a very wide area, crossing international

boundaries and usually affecting a large number of people.
permafrost: Perennially frozen ground that occurs wherever the temperature

remains below 0°C for several years.
pH: Measure of the acidity or alkalinity of a solution, ranging from 0 (acidic) to

7 (neutral) to 14 (alkaline).
photochemical oxidants: See secondary air pollutants.
photoconjuctivitis: Acute inflammation of the conjunctiva caused by pro-

longed exposure to intense solar radiation.
photokeratitis: Acute reversible inflammation of the cornea caused by pro-

longed exposure to intense solar radiation, usually in highly reflective envi-
ronments. Temporary visual loss associated with ultraviolet radiation reflected
from the surface of snow is known as “snow blindness”.

photoperiod: The period during every 24 hours when an organism is exposed
to daylight.

photosynthesis: Process by which the energy of sunlight is used by green plants
to build up complex substances from carbon dioxide and water.

phytoplankton: The plant form of plankton (e.g. diatoms). Phytoplankton are
the dominant plants in the sea, and are the base of the entire marine food
web. These single-celled organisms are the principal agents for photosynthetic
carbon fixation in the ocean. See also cholera and zooplankton.

PICCAP: Pacific Islands Climate Change Assistance Programme.
(bubonic) plague: Infectious disease caused by the bacterium Yersinia pestis

and transmitted from rodent to rodent by infected fleas. Rat-borne epidemics
continue to occur in some developing countries, particularly in rural areas.
Symptoms include fever, headache, and general illness, followed by the 
development of painful, swollen regional lymph nodes. Once a human is
infected, a progressive and potentially fatal illness generally results unless spe-
cific antibiotic therapy is given.

plankton: Aquatic organisms that drift or swim weakly. See also phytoplankton
and zooplankton.

Plasmodium falciparum: One of the four species of Plasmodium that cause human
malaria and the one associated with the highest morbidity and mortality. See
also malaria.
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Plasmodium vivax: One of the four species causing human malaria, associated
with less severe but prolonged symptoms. See also malaria.

polio (poliomyelitis): An inflammation of the grey matter of the spinal cord,
caused by a virus which results in an acute infection. It is believed that the
virus is transmitted by contact with the faeces of an already infected person.
The majority of infected individuals experience only mild symptoms or non-
paralytic polio. The virus penetrates the nervous system in a small number of
cases, causing varying degrees of muscle weakness and paralysis—i.e. true
polio.

population health: A measure of the health status of populations, proposed
during the 1990s to selectively replace the use of the terms human health which
is more restrictive, and public health which also encompasses preventive and
curative measures and infrastructures.

positive radiative forcing: See radiative forcing.
ppb: Parts per billion. One ppb is 1 part in one billion by volume. See also parts

per million.
ppm: Parts per million; unit of concentration often used when measuring levels

of pollutants in air, water, body fluids, etc. One ppm is 1 part in one million
by volume.

precautionary principle: The adoption of prudence when outcomes are uncer-
tain but potentially serious.

prediction: In the context of climate, a prediction or forecast is the result of an
attempt to produce a most likely description or estimate of the actual evolu-
tion of the climate in the future (e.g. at seasonal, interannual or long term
time scales). See also projection.

prevalence: The number of events, e.g. instances of a given disease or other
condition, in a given population at a designated time. See also incidence.

primary air pollutants: Air pollutants produced as a result of the combustion
of fossil and biomass fuels. They include: carbon monoxide, nitrogen oxides
and sulfur dioxide.

primary health care: Essential health care made accessible at a cost the 
relevant country and community can afford, incorporating methods that are
practical, scientifically sound and socially acceptable. This may include com-
munity education, promotion of adequate food supplies, basic sanitation and 
water, family planning and the prevention and control of locally endemic
diseases.

principal component analysis: A mathematical transformation of a sample of
points in N-dimensional space, so that they are measured on axes 
(principal components) that maximize the amount of variation in the dataset.
These principal components are usually weighted combinations of the 
original measured values (e.g. a combination of temperature and rainfall 
information).

projections: A potential future evolution of a quantity or set of quantities, often
computed with the aid of a model. Projections are distinguished from “pre-
dictions” in order to emphasize that projections involve assumptions con-
cerning, for example, future socio-economic and technological developments
that may or may not be realised and are therefore subject to substantial 
uncertainty.

PROMED: Global Outbreak and Response Network Programme for Monitoring
Emerging diseases, run by the Federation of American Scientists and spon-
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sored by WHO. It provides a framework, via the Internet, for electronic data
exchange on outbreaks of emerging diseases.

proxy: The context of climate; a local record that is interpreted using physical
and biophysical principles to represent some combination of climate-related
variations back in time. Climate-related data derived in this way are referred
to as proxy data. Examples are tree ring records, characteristics of corals and
various data derived from ice cores.

pterygium: Wing-shaped growth of the conjunctiva epithelium.
qualitative analysis: An attempt to describe the non-numerical relationship

between an outcome of interest and possible exposures. See also quantitative
analysis.

Quality Adjusted Life Year (QALY): The arithmetic product of life expectancy
and a measure of the quality of the remaining life years. QALY places a weight
on time in different health states. A year of perfect health is worth 1; however,
a year of less than perfect health life expectancy is worth less than 1. Death
is considered to be equivalent to 0, however, some health states may be 
considered worse than death and have negative scores. QALYs provide a
common currency to assess the extent of the benefits gained from a variety
of interventions in terms of health-related quality of life and survival for the
patient.

quantitative analysis: An attempt to model (i.e. quantify) the numerical 
relationship between an outcome of interest and possible exposures. See also
qualitative analysis.

radiative forcing: A simple measure of the importance of a potential climate
change mechanism. Radiative forcing is the amount of perturbation of the
energy balance of the Earth-atmosphere system (W/m2) following, for exam-
ple, a change in carbon dioxide concentrations or a change in the output of
the sun. The climate system responds to radiative forcing so as to re-establish
the energy balance. Positive radiative forcing tends to warm the Earth’s surface
and negative radiative forcing tends to cool it. Radiative forcing is normally
quoted as a global or annual mean.

rangeland: Unimproved grasslands, shrublands, savannas, hot and cold deserts,
tundra.

red tide: Algal bloom which causes the seawater to become discoloured by the
sheer concentration of algae seeking the sunlight. This discolouration is a
result of the various pigments the plants use to trap sunlight; depending on
the species of algae present, the water may reflect pink, violet, orange, yellow,
blue, green, brown, or red. Since red is the most common pigment, the phe-
nomenon has come to be called red tide.

relative humidity: The ratio of the mass of water vapour in a given volume of
air to the value of saturated air at the same temperature.

remote sensing satellites: Polar-orbiting satellites which observe the Earth’s
surface, producing images of various temporal and spatial resolutions. See also
Normalized Difference Vegetation Index and Sea Surface Temperatures.

reservoir/reservoir host: Any animal, plant, soil or inanimate matter in which
a pathogen normally lives and multiplies, and on which it depends primarily
for survival; e.g. foxes are a reservoir for rabies. Reservoir hosts may be 
asymptomatic.

Rift Valley Fever: A viral zoonosis which mainly affects live stock in many areas
of the world but which occasionally causes severe epidemics in humans,
leading to high morbidity and mortality. The death of RVF-infected livestock
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often leads to substantial economic losses. The virus is transmitted to animals
and humans by a range of mosquitoes including Aedes and Culex.

river blindness: See onchocerciasis.
run-off: Water from precipitation or irrigation that does not evaporate or seep

into soil but flows into rivers, streams or lakes, and that may carry sediment.
salinization: The accumulation of salts in the soil.
salmonellosis: Bacterial food-poisoning caused by Salmonella species, most fre-

quently reported in North America and Europe. Most people become infected
by ingesting foods contaminated with significant amounts of Salmonella and
the poisoning typically occurs in outbreaks in the general population or 
hospitals, restaurants etc. Improperly handled or undercooked poultry and
eggs are the foods which most frequently cause Salmonella food poisoning.
Chickens are a major carrier of Salmonella bacteria, which accounts for its
prominence in poultry products.

saturation deficit: The degree of saturation in the 1000–500hPa layer. If the
amount of moisture in a layer is held constant while the thickness decreases,
the air will become more saturated until precipitation begins. The thickness 
at which precipitation is expected to begin for a given amount of moisture 
in the atmosphere is known as the saturation thickness. The difference
between the saturation thickness and the actual thickness defines the 
saturation deficit.

scenarios: A plausible and often simplified description of how the future may
develop, based on a coherent and internally consistent set of assumptions
about key driving forces and relationships. Scenarios are neither predictions
nor forecasts and may sometimes be based on a narrative storyline. See also
SRES scenarios and emission scenarios.

schistosomiasis: A parasitic disease, also known as bilharziasis, caused by five
species of flatworms, or blood flukes, known as schistosomes throughout the
tropics. The eggs of the schistosomes in the excreta of an infected person hatch
on contact with water and release larvae, the miracidia which penetrate a fresh
water intermediate snail host and produce new parasites (cercariae). The
cercariae are excreted by the snail into the water and penetrate human skin.
Disease due to schistosomiasis is indicated either by the presence of blood in
the urine (urinary schistosomiasis) leading eventually to bladder cancer or
kidney problems or, in the case of intestinal schistosomiasis, by initial diar-
rhoea, which can lead to serious complications of the liver and spleen.

sea surface temperature (SST): The water temperature at 1 meter below the
sea surface. However, there are a variety of techniques for measuring this para-
meter that can potentially yield different results because different things are
actually being measured. Remote sensing satellites have been increasingly
utilized to measure SST and have provided an enormous leap in our ability to
view the spatial and temporal variation in SST. The satellite measurement is
made by sensing the ocean radiation in two or more wavelengths in the
infrared part of the electromagnetic spectrum which can be then be empiri-
cally related to SST.

seasonality/seasonal variation: Seasonal fluctuations in disease incidence or
prevalence or other phenomena (e.g. abundance of vectors).

secondary air pollutants: Air pollutants formed by chemical and photochem-
ical reactions of primary air pollutants and atmospheric chemicals.

sensitivity: Degree to which a system is affected by climate-related changes,
either adversely or beneficially. The effect may be direct (e.g. a change in crop
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yield in response to temperature change) or indirect (e.g. damages caused by
increases in the frequency of coastal flooding).

sentinel site: Specific health facility, usually a general/family practice, which
undertakes to maintain surveillance and report certain specific predetermined
events such as cases of certain infectious diseases.

serotype: Identifiable factor or factors in blood serum detected by serological
tests.

seroprevalence: Prevalence of a specified serotype in a specified population.
SIDS: Small Island Developing States.
snow blindness: See photokeratitis.
snowshoe hare virus (SHV): A zoonotic viral infection which persists in cycles

of transmission among wild mammals and mosquitoes. A wide range of wild
mammal species can be infected with SSH virus and the snowshoe hare is
thought to be important in some areas of Canada. Disease in people, when it
occurs, takes the form of infection and inflammation of the brain (meningitis
and encephalitis).

soft ticks: Ticks of the family Argasidae, characterised by the absence of a
scutum (dorsal plate) and lack of visible mouthparts from the dorsal view. See
also hard ticks.

solar activity: Variations in the energy output of the sun, measurable as
numbers of sun spots as well as radiative output, magnetic activity, and emis-
sions of high energy particles.

solar radiation: Radiation emitted by the sun, also referred to as short-wave
radiation.

spatial and temporal scale/resolution: Climate may vary on a large range 
of spatial and temporal scales. Spatial scales may range from local or high 
resolution (less than 100000km2), to continental or low resolution (10 to 100
million km2). Temporal scales may range from seasonal to geological (up to
hundreds of millions of years).

spirochaete: Bacterium with a spiral shape. See also Lyme disease.
SRES: Emissions scenarios used as a basis for the climate projections in the IPCC

TAR in 2001. There are four scenario families, comprising A1, A2, B1 and B2:
• A1: a future world of very rapid economic growth, low population growth,

and the rapid introduction of new and more efficient technologies. Major
underlying themes are convergence among regions, capacity building, and
increased cultural and social interactions, with a substantial reduction in
regional differences in per capita income.

• A2: a very heterogeneous world. The underlying theme is self-reliance and
preservation of local identities. Fertility patterns across regions converge
very slowly, which results in high population growth. Economic develop-
ment is primarily regionally oriented and per capita economic growth and
technological change are more fragmented and slower than in other story-
lines.

• B1: a convergent world with low population growth but rapid changes 
in economic structures toward a service and information economy. The
emphasis is on global solutions to economic, social, and environmental 
sustainability, including improved equity, but without additional climate 
initiatives.

• B2: a world in which the emphasis is on local solutions to economic, social,
and environmental sustainability. It is a world with moderate population
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growth, intermediate levels of economic development, and less rapid and
more diverse technological change.

stakeholder: Person or entity that has an interest or ‘stake’ in the outcome of
a particular action or policy.

statistical model: a mathematical approach to determine the relationship
between environmental factors and an outcome of interest (e.g. the distribu-
tion of disease vectors) using statistical procedures such as regression or dis-
criminant analysis. In comparison to biological models, this approach
requires extensive records of vector distribution through time and/or space.

stratosphere: The region of the atmosphere above the troposphere extending
from about 10km to about 50km.

stratospheric ozone depletion: The reduction of the quantity of ozone con-
tained in the stratosphere due principally to the release of halogenated
chemicals, such as Chlorofuorocarbons (CFCs).

stratospheric ozone layer: The stratosphere contains a layer in which the con-
centration of ozone is greatest, the “ozone layer”. The layer extends from about
12 to 40km. A very strong depletion of the ozone layer takes place over the
Antarctic region, caused by human-made chlorine and bromine compounds.

stressor: Single condition or agent that contributes to stress of an organism, 
population or ecosystem.

surveillance: Continuous analysis, interpretation and feedback of systematically
collected data for the detection of trends in the occurrence or spread of a disease,
based on practical and standardized methods of notification or registration.
Sources of data may be related directly to disease or factors influencing disease.

susceptibility: Probability that an individual or population will be affected by
an external factor.

sustainability: A characteristic of human activity that is undertaken in such a
manner that it does not adversely affect environmental conditions and which
means that that activity can be repeated in the future.

synoptic: Any of the methods used to analyse relationships between total atmos-
pheric conditions and the surface environment. Usually expressed in two
forms: “air mass identification” which assesses the meteorological quality of
the entire atmosphere and “weather type evaluation” which identifies
various weather systems and their impact.

T helper cells: See lymphocytes.
TNC: The Nature Conservancy.
thermal expansion: In connection with sea level, the increase in volume (and

decrease in density) that results from warming water. A warming of the ocean
leads to an expansion of the ocean volume and hence an increase in sea level.

thermohaline circulation: Large-scale density driven circulation in the ocean,
caused by differences in temperature and salinity.

threshold: Abrupt change in the slope or curvature of a dose-response graph.
tick-borne encephalitis (TBE): A viral infection of the central nervous system

transmitted by the bite of Ixodes ricinus ticks. The disease occurs in Scandinavia,
western, eastern and central Europe, and countries that made up the former
Soviet Union. Initial symptoms include fever, headache, nausea and vomiting
and in some cases the disease progresses into a neurological infection result-
ing in paralysis and coma.

tide gauge: A device at a coastal location which continuously measures the level
of the sea with respect to the adjacent land.
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time-series analysis: Statistical methods used to describe events that are mea-
sured in an ordered sequence at equally-spaced time intervals, and often to
analyse their variations as functions of other variables (e.g. analyses of daily
records of daily mortality rates, as a function of concurrent variation in 
temperature).

trachoma: A form of bacterial conjunctivitis caused by Chlamydia trachomatis.
tropopause: The boundary between the troposphere and the stratosphere.
troposphere: The lowest part of the atmosphere from the surface to about 

10km in altitude in mid-latitudes where clouds and “weather” phenomena
occur. In the troposphere, temperatures generally decrease with height.

trypanosomiasis: Parasitic disease caused by protozoans of the genus Try-
panosoma. In the Americas, American trypanosomiasis (Chagas disease) is
caused by T. cruzi and transmitted by reduviid (kissing) bugs of 
the genus Triatoma and Rhodnius. In Africa, human African trypanosomiasis
(sleeping sickness) is caused by T. brucei rhodesiense and T. b. gambiense and
transmitted by tsetse flies.

tsetse fly: Any of several bloodsucking African flies of the genus Glossina which
transmit African sleeping sickness (trypanosomiasis) to humans. The tsetse fly
also carries the parasites that cause nagana in cattle and other diseases of wild
and domestic animals.

tuberculosis (TB): A bacterial infection caused by Mycobacterium tuberculosis. TB
is highly contagious, spreading through the air in infected droplets from
coughing, sneezing, talking or spitting of infectious people.

typhoid: Infectious fever usually spread by food, milk, or water supplies which
have been contaminated with Salmonella typhi, either directly by sewage, indi-
rectly by flies, or as a result of poor personal hygiene.

UKCIP: The UK Climate Impacts Programme.
USEPA: United States Environmental Protection Agency.
ultraviolet radiation (UVR): Solar radiation within a certain wavelength,

depending on the type of radiation (A, B or C). Ozone absorbs strongly in the
UV-C (<280nm) and solar radiation in these wavelengths does not reach 
the earth’s surface. As the wavelength is increased through the UV-B range
(280nm to 315nm) and into the UV-A (315nm to 400nm) ozone absorption
becomes weaker, until it is undetectable at about 340nm.

UN Framework Convention on Climate Change (UNFCCC): Convention
signed at United Nations Conference on Environment and Development in
1992. Governments that become Parties to the Convention agree to stabilize
greenhouse gas concentrations in the atmosphere at a level that would
prevent dangerous anthropogenic interference with the climate system.

UNEP: United Nations Environment Programme.
uncertainty: An expression of the degree to which a value is unknown. This

can result from lack of information or disagreement about what is known.
Uncertainty can be represented by quantitative measures (e.g. a range of
values calculated by mathematical models) or qualitative statements (e.g.
reflecting the judgement of a team of experts).

unstable malaria: Haphazard transmission of malaria, occurring only during
“favourable” episodes. See also malaria.

urban heat island: See heat island effect.
vector: An organism that acts as an essential intermediate host or definite host

for a human pathogen and that plays an active role in its transmission; for
example Anopheles mosquitoes are vectors of malaria. This definition excludes
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mechanical carriers of infective materials (such as houseflies and cockroaches),
strictly passive intermediate hosts (e.g. the snail hosts of schistosomiasis) and
reservoir species (e.g. foxes carrying rabies).

vector-borne diseases: Range of infectious diseases which are transmitted
between hosts by vectors such as mosquitoes or ticks (e.g. malaria, dengue
fever, Lyme disease).

vivax malaria: See Plasmodium vivax and malaria.
vulnerability: The degree to which a system is susceptible to, or 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 variation to which a system is exposed, its sensitivity and its adap-
tive capacity.

watershed: The region draining into a river, river system or body of water.
water stress: A country is water stressed if the available freshwater supply rel-

ative to water withdrawals acts as an important constraint on development.
Withdrawals exceeding 20% of renewable water supply has been used as an
indicator of water stress.

water vapour: Also called humidity; the largest single greenhouse gas. Water
vapour also forms an important link between the land and ocean; it is a 
carrying mechanism that transports energy around the globe and, therefore,
a major driver of weather patterns—a fact demonstrated spectacularly by
typhoons and hurricanes powered by tropical evaporation.

WHO: World Health Organization.
WMO: World Meteorological Organization.
West Nile Virus (WNV): A zoonotic virus transmitted by mosquitoes (normally

Culex) and maintained in a wildlife cycle involving birds. Occasional spill-over
to the human population results after virus amplification and can cause large
epidemics. Symptoms may be mild and include fever, headache and malaise
while symptoms of severe infection include high fever, neck stiffness, coma
and paralysis.

WWF: World Wildlife Fund.
yellow fever: A mosquito-borne viral disease occurring in sub-Saharan Africa

and tropical South Americ. Several different species of the Aedes and Haema-
gogus (S. America only) mosquitoes transmit the yellow fever virus. Infection
causes a wide spectrum of disease, from mild symptoms to severe illness and
death.

zoonosis: An infectious disease of vertebrate animals, such as rabies, which can
be transmitted to humans.

zooplankton/zooxanthellae: The animal forms of plankton. They consume
phytoplankton and other zooplankton.
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a posteriori, 285
a priori, 285
acclimatization, 284
acid rain, 284
acute effect, 284
adaptation, 12–14, 220–4, 270

ancillary benefits and costs, 70
anticipatory, 222, 243
assessment, 196, 245, 284
barriers to effective, 249
benefits, determining, 231–3
conclusions and recommendations,

278–9
coping ability and, 223–4
costs, 251–2, 284
definitions, 220–1, 284
detecting early health effects and, 66
developing planned, 221
evaluating options, 68–70, 247–53
monitoring health impacts and, 206
to multiple factors, 252
as policy option, 243
prevention and, 222–3
quantifying health impacts and, 140
reactive, 223, 243
research needs, 231–3, 279
systemic interrelationships, 252–3
to temperature changes, 142
vulnerability assessment and, 221–2
see also maladaptation

adaptive capacity, 69, 196, 225–31
characterizing uncertainties, 256
definition, 220–1, 284
determinants, 69, 226–31

economic resources, 226–7
equity, 230–1
health status/pre-existing disease

burdens, 231
information and skills, 228–9
infrastructure, 229–30
institutions, 230
technology, 227–8

policy-focused assessment, 244–5

research needs, 231–3, 274
see also coping ability/capacity

Aedes, 107, 305
Aedes aegypti, 83, 84, 103, 289

eradication programme, 122, 253
Aedes albopictus, 53, 83, 289
Aedes camptorhynchus, 53
Aedes polynesiensis, 191
aeroallergens, 48, 284
aerosols, 24, 284
Africa

adaptive capacity, 226, 230, 231
Highland Malaria Project, 119–20
IPCC-TAR, 51–2

age related macular degeneration
(AMD), 167, 284

Agenda 21 (Earth Summit 1992), 269,
270, 281–2

agriculture, 123–4, 230
air conditioning, 14, 228, 249, 253
air mass, 284
air pollutants

primary, 299
secondary, 301

air pollution, 67
benefits of mitigation, 70
forest fires, 95
IPCC-TAR, 48, 53, 55
national health impact assessments,

187, 188
Alachlor, 71
albedo, 22, 284
algal blooms, 50, 87, 111, 285, 300

see also phytoplankton
allergens, airborne, 48, 284
allergy, 212
Amazon region, 22
amoebiasis, 49, 50, 285
amplification, 285
analogue studies, historical, 18, 273,

293
climate variability and change, 36–7,

62
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extreme events, 275
limitations, 39

animal diseases, 126
animal reservoirs, 106
Annex I countries, 285
anomaly, 285
Anopheles, 53, 191, 296
Anopheles albimanus, 118
Anopheles freeborni, 118
Anopheles gambiae, 112, 118
Antarctic region

ice cover, 7, 30
ozone hole, 160

anthropogenic, 285
anthropogenic emissions, 285
anthroponoses, 105, 106–7, 285
antibiotic resistance, 122
Antigua and Barbuda, health impact

assessment, 184, 186, 190, 194, 
195

antimalarial drugs, 122, 230
antioxidants, 169
AOGCMs see Atmosphere-Ocean

general circulation models
aquarium trade, 254
arbovirus infections, 53, 111–12, 285

see also dengue/dengue haemorrhagic
fever

Arctic Climate Impact Assessment, 56
Arctic region

effects of climate change, 1–2, 6
ozone hole, 160

arid region/zone, 285
Asia, IPCC-TAR, 52
asthma, 212
atmosphere, 19–20, 162, 285
Atmosphere-Ocean general circulation

models (AOGCMs), 33–5, 36, 40,
285, 287

atopic eczema, 174, 285
attributable burden of disease,

estimating, 134–5
attribution, 289

monitoring climate change impacts
and, 205–6

Australia
health impact assessment, 186
IPCC-TAR, 52–3

Australian Institute of Marine Science
(AIMS), 255

autoimmune diseases, 169, 173, 285
autonomy, respect for, 238

Bangladesh, 93, 94, 114, 230
basal metabolic rate, 286

basic reproduction rate (R0), 116–17,
286

BCG vaccine, 171–2
bed nets, 222
beneficence, 238
benefit-cost criterion, 240–1
benefits

adaptation, 231–3
ancillary, 70
measurement, 241

bilharziasis see schistosomiasis
billion, 286
biodiversity, 286

international convention, 268, 269
loss, 13

biofuel, 286
biomass, 286
biome, 286
biosphere, 286
biotoxins, 49–50, 286
black flies, 50
bridge species, 107
burden of disease, 134

adaptive capacity and pre-existing,
231

attributable, estimating, 134–5
avoidable, estimating, 135
conclusions and recommendations,

276–7
evidence available for estimating,

135–7
global estimates, 134
impact estimates for 2000, 136, 152
monitoring, 207
in WHO regions (2001), 232

Cameroon, health impact assessment,
184, 186, 190

campylobacter infections, 107
Canada, policy-focused assessments,

183, 248
cancer, 174

skin see skin cancer
capacity building, 286
carbon dioxide (CO2), 22, 286

atmospheric concentrations, 22, 23,
24

fossil emissions, 291
projected emissions, 31–2

carbon sink, 286
cardiovascular disease (CVD)

adaptive capacity and, 231
temperature-related mortality, 141–3

carrying capacity, 286
cataracts, 163, 167–9, 286
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Centre for Research on the
Epidemiology of Disasters (CRED),
92

cereal grain yields, 11, 13, 48, 65
see also crop yields

CFCs see chlorofluorocarbons
Chagas’ disease, 50
chemical pollution, 13, 268
children

adaptive responses to heat, 249
sunlight exposure, 175

China, famines, 9
Chlamydia trachomatis, 304
chlorofluorocarbons (CFCs), 24, 286–7

Montreal Protocol, 161, 166, 167
stratospheric ozone depletion,

159–60
chloroquine, 122, 287
cholera (Vibrio cholerae), 280, 287

climate extremes and, 87
climate sensitivity, 111
ecological influences, 126
effects of climate change, 114, 275
IPCC-TAR, 49, 50, 51, 54
national health impact assessment,

190
predicting epidemics, 121
seasonal fluctuations, 107
transmission, 106–7

chronic effect, 287
ciguatera fish poisoning, 49–50, 191,

287
climate, 24–6

cycles, 2
data requirements and sources,

208–9
definition, 18, 287
effects on disease transmission, 45–7
exposure assessment, 36–9, 40
extreme events see extreme climate

events
normals, 25, 273
variables, 25

climate change, 26–9
20th century, 29–30
anthropogenic, 31–3, 39, 270
conclusions and recommendations,

271–3
definitions, 287
evidence of, 29–30, 204–5
health impacts see health impacts of

climate change
impact assessments see impact

assessments
international conventions, 268

past, 2, 26–7, 28
projections, 31–3, 39, 272

associated with specific scenarios,
138, 139

rates, 36
recent scientific assessments, 5–8,

270
regional variations, 6–7, 29, 33
research see research
scientific consensus, 273–4
vs climate variability, 18
vs global warming, 223
see also global warming

climate models, 33–6, 287
for deriving scenarios, 256
in national assessments, 194

climate scenarios
baseline, 137–8
in impact assessment, 183, 184
national, 194
see also emission scenarios

climate sensitivity, 21, 32
evidence of, for monitoring, 207
infectious diseases, 104, 107–11
species variations, 124–6

climate system, 19–24, 288
climate variability, 24–6, 79

20th century, 29–30
adaptation difficulties, 247
coping ability and, 223
definitions, 18, 24, 288
modes, 25–6
past, 26
research needs, 274

Climatological Standard Normals
(CLINO), 273

CLIMEX model, 115
cloud effects, 20, 22
cockroaches, 54
cold-related mortality, 86–7, 89–90

cardiovascular, 141–3
factors affecting vulnerability, 89
impact of climate change, 90, 143
see also winter mortality

communicable diseases see infectious
diseases

communication
assessment results, 261–2
as policy response, 243

Comparative Risk Assessment (CRA),
134–5, 140, 183

see also quantifying health impacts
confidence interval, 288
conflict resolution, 245
confounding factors, 211, 288



INDEX 309

conjunctiva, solar radiation effects, 169
consensus, scientific, 273–4
Conservation International (CI), 255
contact hypersensitivity (CH), 170
control, disease, 122, 211
Convention on Biological Diversity,

268, 269
copepods, 49, 87, 288
coping ability/capacity, 223–4

characterizing uncertainties, 256
definition, 223, 288
see also adaptive capacity

coral bleaching, 254–5, 288
coral reef fisheries, 254–5
Coriolis force, 288
cornea, solar radiation effects, 169
COSMIC, 194
cost-effective, 288
costs

adaptation, 231–3, 251–2, 284
ancillary, 70
in benefit-cost criterion, 240–1
measurement, 241
and responsibility, principles, 281

crop yields, 13, 145, 146
see also cereal grain yields

cryosphere, 21, 288
cryptosporidiosis (Cryptosporidium

infection), 123, 288
IPCC-TAR, 49, 50, 54, 56
rainfall sensitivity, 85, 111

Culex, 107, 305
Culex nigripalpus, 112
Culex pipiens, 112, 123–4
Culex tarsalis, 116
Culicoides paraensis, 297
cyclones, 48, 52–3, 94

coping ability, 224
cyclospora infections, 107
cytokine profiles, epidermal, 170
cytomegalovirus (CMV), 170, 288–9

DALYs see disability-adjusted life years
data requirements/sources, for

monitoring, 208–11
decision-support tools, 241, 259
deer mice, 85, 242
deforestation, 22, 122–3
delayed type hypersensitivity (DTH),

170
demography, 289

adaptive capacity and, 231
dengue/dengue haemorrhagic fever

(DHF), 12, 72, 106, 289
climate extremes and, 83–4

coping ability, 224
early warning system, 121
eradication programme, 122
IPCC-TAR, 49, 50, 53, 55
national health impact assessments,

189, 191–2, 193
simulation modelling and risk

reduction, 117, 258–9
time series analysis, 39

desert, 289
desertification, 268
detection, 289
developed countries

coping ability, 224
national assessments of health

impacts, 186, 187–91
National Communications to

UNFCCC, 197
developing countries

adaptive capacity, 226–7, 228, 230–1
coping ability, 224
impact of weather extremes, 91
national assessments of health
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