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We examined the potential impacts of climate variability and change on human health as part of a
congressionally mandated study of climate change in the United States. Our author team, compris-
ing experts from academia, government, and the private sector, was selected by the federal intera-
gency U.S. Global Change Research Program, and this report stems from our first 18 months of
work. For this assessment we used a set of assumptions and/or projections of future climates devel-
oped for all participants in the National Assessment of the Potential Consequences of Climate
Variability and Change. We identified five categories of health outcomes that are most likely to be
affected by climate change because they are associated with weather and/or climate variables: tem-
perature-related morbidity and mortality; health effects of extreme weather events (storms, torna-
does, hurricanes, and precipitation extremes); air-pollution-related health effects; water- and food-
borne diseases; and vector- and rodentborne diseases. We concluded that the levels of uncertainty
preclude any definitive statement on the direction of potential future change for each of these
health outcomes, although we developed some hypotheses. Although we mainly addressed adverse
health outcomes, we identified some positive health outcomes, notably reduced cold-weather mor-
tality, which has not been extensively examined. We found that at present most of the U.S. popu-
lation is protected against adverse health outcomes associated with weather and/or climate,
although certain demographic and geographic populations are at increased risk. We concluded that
vigilance in the maintenance and improvement of public health systems and their responsiveness to
changing climate conditions and to identified vulnerable subpopulations should help to protect the
U.S. population from any adverse health outcomes of projected climate change. Key words: air pol-
lution, climate change, flooding, global warming, heat waves, vectorborne diseases, waterborne dis-
eases. Environ Health Perspect 108:367-376 (2000). [Online 15 March 2000]
http:/lebpnetl.niehs.nih.gov/docs/2000/108p367-376patz/abstract. html

As part of a congressionally mandated
national study of the impacts of climate
variability and change in the United States,
we assessed the potential impacts that pro-
jected changes in climate (based on modeled
data developed for the national study) might
have on a limited number of health out-
comes that are associated with weather
and/or climate.

In 1990, the U.S. Congress established
the U. S. Global Change Research Program
and required that it conduct a national assess-
ment of the potential impacts of climate vari-
ability and change. The U.S. National
Assessment of the Potential Consequences of
Climate Variability and Change, which began
in 1997, involves an assessment of the poten-
tial impacts of climate change over two time
frames (to 2030 and to 2100) for geographic
regions of the United States and for national
sectors and/or interests, including health.

We conducted a literature review on,
and consulted with a number of experts con-
cerning, each of the health outcomes of
interest: @) temperature-related morbidity
and mortality; 6) health effects of extreme
weather events (i.e., storms, tornadoes, hur-
ricanes, and precipitation extremes); ¢) air-
pollution-related health effects; o) water-
and foodborne diseases; and ¢) vector- and
rodentborne diseases.

Some of these outcomes are relatively
direct (e.g., the effects of exposure to extreme
heat or extreme events); others involve inter-
mediate and multiple pathways, making
assessments more challenging (Figure 1). We
used climate change projections developed
for the national assessment as an underlying
set of assumptions in our assessment.
However, our analysis was for the most part
not quantitative because of many layers of
uncertainties in the data.
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The climate change projections for the
national assessment were the responsibility
of a number of government and private
climate scientists from the National Center
for Atmospheric Research, the National
Climatic Data Center of the National
Oceanic and Atmospheric Administration,
the Canadian Climate Center, and the
Hadley Centre for Climate Prediction &
Research (Bracknell, UK).

The scope of our inquiry was defined by
the national assessment process, under which
we were required to investigate the potential
impacts of projected climate change on
human health within a given framework of
questions:

e What is the current status of the nation’s
health and what are current stresses on our
health?

* How might climate variability and change
affect the country’s health and existing or
predicted stresses on health?
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* What is the country’s capacity to adapt to
climate change; for example, through mod-
ifications to the health infrastructure or by
adopting specific adaptive measures?

* What essential knowledge gaps must be
filled to fully understand the possible
impacts of climate variability and change
on human health?

In our paper, we first describe informa-
tion concerning climate variability and
change generated by the climatology compo-
nent of the national assessment process and
provided to us as foundation climate
assumptions to be used in our assessment.
We then discuss uncertainties in vulnerabili-
ties and adaptive capacities and describe the
current and projected future background
health status for context. We next discuss the
potential impacts of climate change on each
of the health outcomes analyzed and identify
other potential health outcomes that may be
assessed in the future. Finally, we discuss
adaptation and prevention strategies.

Projections About Climate
Variability and Climate
Change

The national assessment climate models pro-
ject that over the relevant time period the
U.S. climate will be characterized by increased
temperatures, altered hydrologic cycle, and
increased variability.

Climatologists distinguish between the
concepts of climate variability and climate
change. Climate variability generally refers to
short- to medium-term fluctuations around
some mean climate state on time scales rang-
ing from less than annual to multidecadal
(e.g., 30 years). (1,2). For example, El Nifio
or La Nifia events fall into this category.
Climate change, on the other hand, refers to
a fundamental shift in the mean state of the
climate that generally pertains to longer term
trends (3). Although future projections of
climate change often are given as average val-
ues, climatologists caution that such change
cannot be assumed to occur as a gradual true
linear rise (4,5). Shorter term climate vari-
ability and the frequency of extreme climate
events are projected to be altered as part of
the physical consequences of long-term
climate change (6).

These projections are based in part on
historical data; however, a detailed systemat-
ic record of weather parameters is only avail-
able for some places for approximately the
last 100 years, although indirect measure-
ments from ice cores, tree rings, other paleo-
data, and written history extend further (7).
In the past 100 years, the global surface tem-
perature has warmed 0.7-1.4°F (3,8,9). In
the contiguous United States, temperatures
have increased by approximately 1°F (10),
and precipitation in the United States has
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been increasing; much of this change is due
to increases in heavy precipitation events
(> 5 cm/day) and decreases in light-precipi-
tation events (4,10,11). These historical data
are consistent with climate change theory,
which suggests that an altered hydrologic
cycle accompanies the warming of the earth’s
surface (12—14).

Uncertainties of Vulnerability
and Adaptive Capabilities
Projections of the extent and direction of
some potential health impacts of climate
variability and change can be made, but
there are many layers of uncertainty (Table
1). First, methods to project changes in cli-
mate over time continue to improve, but cli-
mate models are unable to accurately project
regional-scale impacts. Second, basic scien-
tific information on the sensitivity of human
health to aspects of weather and climate is
limited. In addition, the vulnerability of a
population to any health risk varies consider-
ably depending on moderating factors such
as population density, level of economic and
technological development, local environ-
mental conditions, preexisting health status,
the quality and availability of health care,
and the public health infrastructure.

It is also difficult to anticipate what adap-
tive measures might be taken in the future to

mitigate risks of adverse health outcomes,
such as vaccines, disease surveillance, protec-
tive technologies (e.g., air conditioning or
water filtration/treatment), the use of weath-
er forecasts and warning systems, emergency
management and disaster preparedness pro-
grams, and public education (Figure 1).

The need for and the success of adapta-
tion measures can be expected to vary in dif-
ferent parts of the country—for example,
Chicago, Illinois, must plan for heat waves,
and communities along the southeast coast
must be prepared for hurricanes. For the
most part, government organizations fund
public health systems within the United
States. Continued investments in advancing
the public health infrastructure are crucial
for adapting to the potential impacts of cli-
mate variability and change.

Climate/Health Impacts in the
Context of Current Health
Issues

To establish a baseline for projections of the
potential impacts of climate on health, we
reviewed the current status and context of
health in the United States, as reflected in
indicators such as life expectancy and the
leading causes of death. We identified possi-
ble strains on public health and health care
systems such as cost and population growth.

Moderating
influences

Health effects

Temperature-related

ilinesses and deaths

Extreme weather events-

related health effects

Regional
Climate IR
change *changes 5 Air-pollution ____ 5 Air-pollution-related health
(natural and levels effects
human-caused) Mepi S
Extreme weather Contamination > Water- and foodborne
Temperature pathways diseases
Precipitation
— > Transmission __, Vector- and rodentborne
dynamics diseases
Adaptation
Research measures

Figure 1. Potential health effects of climate variability and change. Moderating influences include noncli-
mate factors that affect climate-related health outcomes, such as population growth and demographic
change, standards of living, access to health care, improvements in health care, and public health infra-
structure. Adaptation measures include actions to reduce risks of adverse health outcomes, such as vac-
cination programs, disease surveillance, monitoring, use of protective technologies (e.g., air conditioning,
pesticides, water filtration/treatment), use of climate forecasts and development of weather warning sys-
tems, emergency management and disaster preparedness programs, and public education.

Volume 108, Number 4, April 2000 = Environmental Health Perspectives



Workshop Summary = U.S. national assessment on climate change: health report

Table 1. Summary of the health sector assessment.

Potential
health impacts

Weather factors
of interest?

Direction of
possible Examples of
change in some specific

health impact adaptation strategies

Priority research areas

Heat-related illnesses
and deaths

Winter deaths

Extreme weather events-

related health effects

Air-pollution-related
health effects

Extreme heat and
stagnant air masses

Extreme cold
Snow and ice
Precipitation variability
(heavy rainfall events)?

Temperature
Stagnant air masses

Water- and foodborne Precipitation

diseases Estuary water
temperatures
Vector- and rodentborne Temperature
diseases Precipitation
variability

Relative humidity

I Air conditioning
Early warning

1 Early warning
Engineering
Zoning and building codes

P Early warning
Mass transit
Urban planning
Pollution control

1 Surveillance
Improved water
systems
engineering

Surveillance
Vector control
studies

tor

Improved prediction, warning, and response

Urban design and energy systems

Exposure assessment

Weather relationship to influenza and other causes
of winter mortality

Improved prediction, warning, and response

Improved surveillance

Investigation of past impacts and effectiveness
of warnings

Relationships between weather and air pollution
concentrations

Combined effects of temperature/humidity on air
pollution

Effect of weather on vegetative emissions and
allergens (e.g., pollen)

Improved monitoring of weather/environment on
marine-related diseases

Land use impacts on water quality (watershed
protection)

Enhanced monitoring/mapping of fate and transport
of contaminants

Rapid diagnostic tests

Improved surveillance

Climate-related disease transmission dynamics

aBased on projections provided by the National Assessment Synthesis Team (75). Other scenarios might yield different changes. ?Projected change in frequency of hurricanes and tor-

nadoes is unknown.

Urbanization, funding for public health
infrastructure (e.g., sanitation systems and
medical research), and scientific develop-
ments contributed to advances in health sta-
tus in the past and are expected to do so in
the future. Environmental conditions, such
as air and water quality, are important deter-
minants of health.

Chronic diseases—heart disease, cancer,
stroke, and chronic obstructive pulmonary
disease are the leading four—accounted for
almost 75% of all deaths in 1996 for the 25-
to 64-year-old age group (16). Injuries and
infectious diseases remain significant causes
of morbidity and mortality in the United
States; infectious diseases caused one-third of
the deaths in the United States in 1992, pri-
marily because of respiratory tract infections,
human immunodeficiency virus (HIV), and
septicemia (17). Patterns of illness and death
vary substantially by socioeconomic status,
geographic region, race, age, and sex (16).

Populations at risk. Certain populations
within the United States—the poor, the
elderly, children, and immunocompromised
individuals—may be more vulnerable to
many of the health risks that might be initial-
ly exacerbated by climate change. For exam-
ple, poverty is a risk factor for heat-related
illnesses and deaths because the poor are
more likely to live in urban areas and are less
likely to be able to afford air-conditioning.
Thus, making air-conditioned environments
readily available to the poor is an adaptive

response strategy to reduce illnesses and
deaths in heat waves. Understanding what
groups may be the most affected by climate
change is critical to effective targeting of pre-
vention or adaptation strategies. For exam-
ple, air pollution and heat advisory warnings
should specifically target children and the
elderly, respectively.

It is important to recognize that the pro-
portion of elderly (65 years of age and older)
and very elderly (85 years of age and older)
residents is expected to rise in the coming
decades. The proportion of the senior popu-
lation in the very elderly category is growing
fast: their numbers rose 274% between 1960
and 1994, while the entire U.S. population
grew only 45% (18). Age can be expected to
be accompanied by multiple chronic illnesses
that may result in increased vulnerability to
infectious disease or external/environmental
stresses such as extreme heat (18). Poverty,
which increases with age in the elderly, may
add to this vulnerability (19).

Similarly, although the proportion of
children younger than 5 years of age is not
expected to grow as significantly as the pro-
portion of the elderly, their number will
increase even if immigration levels are kept
constant. The variables that may affect chil-
dren’s special vulnerability to the possible
impacts of climate change include poverty
(currently, approximately 20% of children in
the United States are poor) (16), access to
medical care, and children’s susceptibility to
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environmental hazards because of their size,
their behavior, and the fact that they are
growing and developing (20).

Finally, it is anticipated that the propor-
tion of immunocompromised people in the
United States may increase with the aging of
the population and the success of medical
treatments (e.g., cancer therapy and HIV
medications), but data are difficult to obtain.
For example, survival has improved for
acquired immunodeficiency syndrome
(AIDS) patients, resulting in a 12% increase
in 1996-1997 in the number of people liv-
ing with AIDS (21). AIDS patients and
other immunocompromised individuals may
be more susceptible to waterborne and vec-
torborne pathogens, to the adverse impacts
of exposure to elevated levels of certain air
pollutants, and to debilitation due to physi-
cal stresses, such as those experienced during
heat waves or in adverse emergency weather
conditions, unless they can be adequately
protected from those stresses with access to
air conditioning, sanitation, safe water, and
sufficient food.

Potential Impacts of Projected
Climate Change on Health

Temperature-related illnesses and deatbhs.
Heat and heat waves are projected to
increase in severity and frequency with
increasing global mean temperatures. Studies
of heat waves in urban areas have shown an
association between increases in mortality
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and increases in heat, measured by maxi-
mum or minimum temperature, heat index
(a measure of temperature and humidity), or
air-mass conditions (22,23). For example,
after a 5-day heat wave in 1995 in which
maximum temperatures in Chicago ranged
from 93 to 104°F, the number of deaths
increased 85% over the number recorded
during the same period of the preceding year
(24). At least 700 excess deaths (deaths
beyond those expected for that period in
that population) were recorded, most of
which were directly attributed to heat
(22,24,25).

Exposure to extreme and prolonged heat
is associated with heat cramps, heat syncope
(fainting), heat exhaustion, and heat stroke.
These health effects appear to be related to
environmental temperatures above those to
which the population is accustomed. Models
of weather—mortality relationships indicate
that populations in northeastern and mid-
western U.S. cities may experience the great-
est number of heat-related illnesses and
deaths in response to changes in summer
temperature, and that the most sensitive
regions are those where extremely high tem-
peratures occur infrequently or irregularly
(26). For example, Chicago, Philadelphia,
Pennsylvania, and Cincinnati, Ohio, have
recently experienced a heat wave that resulted
in an increased number of heat-related
deaths. Physiologic and behavioral adapta-
tions among vulnerable populations may
reduce morbidity and mortality due to heat.
Although long-term physiologic adaptation to
heat events has not been documented, adapta-
tion appears to occur as the summer season
progresses; heat waves early in the summer
often result in more deaths than subsequent
heat waves or than those occurring later in the
summer (26). Heat waves are episodic, and
although populations may adapt to gradual
temperature increases, physiologic adaptation
for extreme heat events is unlikely.

Within heat-sensitive regions, popula-
tions in urban areas are the most vulnerable
to adverse heat-related health outcomes. The
heat index and heat-related mortality rates
are higher in the urban core than in sur-
rounding areas (27). Urban areas retain heat
throughout the nighttime more efficiently
than do outlying suburban and rural areas
(28,29). The absence of nighttime relief
from heat for urban inhabitants may be a
factor in excessive heat-related deaths.

The size of U.S. cities and the propor-
tion of U.S. residents living in them is pro-
jected to increase; therefore, the population
at risk for heat-related illnesses and death
may also increase. High-risk subpopulations
include people who live in the top floors of
apartment buildings in cities and who lack
access to air-conditioned environments
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(either at home or elsewhere). The elderly
(30-33), young children (30), the poor
(34,35), and people who are bedridden or on
medications that affect the body’s thermoreg-
ulatory ability are particularly vulnerable
(36-38).

There is evidence that heat-related ill-
nesses and deaths are largely preventable
through behavioral adaptations including
the use of air-conditioning and increased
fluid intake (36), although the magnitude of
mortality reduction cannot be predicted.
The proportion of housing units with cen-
tral and/or room unit air-conditioning
ranges from below 30% in the Northeast to
almost 90% in the South (39). The use of
air-conditioning in homes, workplaces, and
vehicles has increased steadily over the past
30 years and is projected to become nearly
universally available in the United States by
the year 2050 (39,40).

Death rates are higher in the winter than
in the summer and it is expected that milder
winters could reduce the number of deaths
in winter months (23). However, the rela-
tionship between winter weather and mor-
tality has been difficult to interpret. For
example, many winter deaths are due to res-
piratory infections such as influenza, and it is
unclear how influenza transmission would
be affected by warmer winter temperatures.
In addition, studies indicate an association
between snowfall and fatal heart attacks
(from winter precipitation rather than cold
temperatures) (41,42). The net effect on
winter mortality from climatic changes is
uncertain and the overall balance between
changes in summer and winter weather-
related deaths is unknown.

Beyond individual behavioral changes,
adaptation measures include the develop-
ment of communitywide heat emergency
plans, improved heat warning systems, and
better heat-related illness management plans.
Research can refine each of these measures,
including which weather parameters are the
most important in the weather-health rela-
tionship, the associations between heat and
nonfatal illnesses, the evaluation of imple-
mented heat response plans, and the effec-
tiveness of urban design in reducing heat
retention.

Health effects related to storms, torna-
does, hurricanes, and precipitation extremes.
Climate change may alter the frequency,
timing, intensity, and duration of extreme
weather events (4,12,13), i.e., meteorologic
events that have a significant impact on local
communities. There is evidence that increas-
es in heavy precipitation occurred over the
last 20 years and may occur in the future as
temperature increases (4). Climate models
currently are unable to accurately project
changes in extreme events such as floods,

hurricanes, and tornadoes, making it diffi-
cult to assess future potential health impacts
of such events.

Injury and death are the direct health
impacts most often associated with natural
disasters. Secondary health effects may also
occur. These impacts are mediated by
changes in ecologic systems and public
health infrastructures, such as bacterial pro-
liferation and the availability of safe drinking
water. The health impacts of extreme weath-
er events such as floods and storms hinge on
the vulnerabilities of the natural environ-
ment and the local population, as well as on
their capacity to recover. A community’s
level of preparedness greatly affects the severi-
ty of the health impacts of an extreme event.

From 1945 to 1989, 145 natural disas-
ters caused 14,536 deaths in the United
States, an average of 323 deaths/year (43).
According to the National Weather Service
(44), severe storms caused 600 deaths and
3,799 reported injuries in 1997. Floods are
the most frequent natural disaster and the
leading cause of death from natural disasters
in the United States; the average annual loss
of life is estimated to be as high as 146
deaths/year (45). Hurricanes also pose an
ongoing threat; an average of two each year
make landfall on the U.S. coastline (46).
The impacts of hurricanes may include
injuries and deaths resulting from strong
winds and heavy rains.

Depending on the severity and nature of
the weather event, people may experience
disabling fear or aversion (47). There is con-
troversy about the incidence and continua-
tion of significant mental problems, such as
posttraumatic stress disorder (PTSD), after
disasters (48). However, an increase in the
number of mental disorders has been
observed after several natural disasters in the
United States. Increased psychologic prob-
lems were reported during a 5-year period
after Hurricane Agnes caused widespread
flooding in Pennsylvania in 1972 (49). More
recently, a longitudinal study of local resi-
dents who lived through Hurricane Andrew
showed that 20-30% of the adults in the
area met the criteria for PTSD at 6 months
and 2 years after the event (50).

A population’s ability to minimize the
potential health effects associated with
extreme weather events is based on a number
of diverse and interrelated factors, including
building code regulations, warning systems,
and disaster policies; evacuation plans;
adequate relief efforts; and recovery (51).
There are many federal, state, and local gov-
ernment agencies and nongovernment orga-
nizations involved in planning for and
responding to natural disasters in the United
States. For example, the Federal Emergency
Management Agency recently launched its
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National Mitigation Strategy (52), which is
designed to increase public awareness of nat-
ural hazard risk and to reduce the risk of
death, injury, community disruption, and
economic loss. This strategy represents a
comprehensive effort to address severe events
with a series of initiatives and public—private
partnerships.

Future research on extreme weather
events and associated health effects should
focus on improving climate models to project
trends, if any, in regional extreme events. This
type of improved prediction capability will
assist in public health mitigation and pre-
paredness. In addition, epidemiologic studies
of health effects beyond the direct impacts of
disaster will provide a more accurate measure
of the full health impacts and will assist in
planning and resource allocation.

Air-pollution-related health effects. Air
pollutants have many sources: natural (e.g.,
vegetation and volcanoes), agricultural (e.g.,
methane and pesticides), commercial (e.g.,
dry cleaning operations and auto body
shops), industrial (electric power plants and
manufacturing facilities), transportation
(truck and automobile emissions), and resi-
dential (home gas, oil burners, and wood
stoves). Ambient levels of regulated air pollu-
tants (which include particulate matter,
ozone, carbon monoxide, and sulfur and
nitrogen oxides) have generally dropped
since the mid-1970s, but air quality in many
parts of the country falls short of health-
based air quality standards. In 1997, approx-
imately 107 million people in the United
States lived in counties that did not meet the
air quality standards for at least one regulat-
ed pollutant.

Air pollution is related to weather both
directly and indirectly. Climate change may
affect exposures to air pollutants by 4) affect-
ing weather and thereby local and regional
pollution concentrations (53,54); ) affect-
ing anthropogenic emissions, including
adaptive responses involving increased fuel
combustion for power generation; ¢) affect-
ing natural sources of air pollutant emissions
(55,56); and d) changing the distribution
and types of airborne allergens (57). Local
weather patterns, including temperature,
precipitation, clouds, atmospheric water
vapor, wind speed, and wind direction influ-
ence atmospheric chemical reactions. They
can also affect atmospheric transport
processes and the rate of pollutant exports
from urban and regional environments into
the global scale environments (53,54). In
addition, the chemical composition of the
atmosphere may in turn have a feedback
effect on the local climate.

If the climate becomes warmer and more
variable, air quality is likely to be affected.
For example, if warmer temperatures lead to

more air-conditioning use, power plant
emissions could increase without additional
air pollution controls. Increased tempera-
tures may enhance the formation of ground-
level ozone, particularly in urban areas
(56,58-61). Changing weather patterns
contribute to yearly differences in ozone
concentrations (56); for example, the hot,
dry, stagnant meteorologic conditions in
1995 in the central and eastern United
States were highly conducive to ozone for-
mation. However, the specific type of
change (local, regional, or global), the direc-
tion of change in a particular location (posi-
tive or negative), and the magnitude of
change in air quality that may be attributable
to climate change are not known.

Because the effect of climate change on
all of the air pollutants of concern, especially
particulate matter, is unknown, it is difficult
to determine the overall effect of climate
variability and change on respiratory health.
Health effects associated with climate
impacts on air pollution will depend on
future air pollution levels. Since 1970, emis-
sions and ambient air pollutants have
declined overall (61). However, the majority
of regulated air pollutants are from fossil fuel
combustion (55,56) and, as a result, increased
energy and fuel use would increase emissions
of air pollutants without additional air pollu-
tant controls. Integrated air quality modeling
studies will be necessary to assess more quan-
titatively the potential health impacts of air
quality changes associated with global climate
change. These models would need to incor-
porate variables such as future anthropogenic
emissions (driven by economic growth, air
pollution controls, vehicle usage, and possible
changes in the use of fuel for heating and
cooling); future biogenic emissions (factoring
in possible responses to changing climate);
and changes in local meteorology due to
global climate change.

Exposures to air pollutants have serious
public health consequences. Ground-level
ozone can exacerbate respiratory diseases by
damaging lung tissue, reducing lung function,
and sensitizing the lungs to other irritants
(62). Short-term drops in lung function
caused by ozone are often accompanied by
chest pain, coughing, and pulmonary con-
gestion (63). Epidemiologic studies have
found that exposure to particulate matter
can aggravate existing respiratory and cardio-
vascular diseases, alter the body’s defense sys-
tems against foreign materials, damage lung
tissue, and may cause cancer and premature
death (63,64). Health effects of exposures to
carbon monoxide, sulfur dioxide, and nitro-
gen dioxide can include visual impairment,
reduced work capacity, aggravation of existing
cardiovascular diseases, effects on breathing,
respiratory illnesses, lung irritation, and
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alterations in the lung’s defense systems
(63,64).

In addition to affecting exposure to air
pollutants (whether man-made or naturally
emitted), climate change may also play a role
in human exposure to airborne allergens.
Plant species are sensitive to weather, and
warmer temperatures may enhance pollen
production or alter the geographic distribu-
tion of plant species (57). Consequently, cli-
mate change may adversely impact the
occurrence and severity of asthma, the most
common chronic disease of childhood, and
affect the timing or duration of seasonal
allergies such as hay fever.

Climate change may affect the amount
of time individuals spend indoors (e.g., indi-
viduals may spend more time in air-condi-
tioned environments to avoid extreme heat,
or may spend more time outdoors if winter
temperatures are milder), resulting in
changed exposure to indoor air pollutants
and allergens. In some cases, these indoor
environments may be more dangerous than
the ambient conditions.

Adaptation measures include ensuring
the responsiveness of federal and state air
quality protection programs to changing pol-
lution levels. These standards are designed to
protect the public health by limiting emis-
sions of key air pollutants and thus reducing
ambient concentrations. The Pollutants
Standards Index (65), a U.S. Environmental
Protection Agency coordinated health advi-
sory system that provides warnings for both
the general population and susceptible indi-
viduals, could be further strengthened for
specific pollutants.

Future research in the area of health
effects associated with air pollution should
include basic atmospheric science elucidating
the association between weather, ozone, par-
ticulates, and other air pollutants and aeroal-
lergens; improving existing models (e.g.,
expanding the spatial domain and lengthen-
ing the duration of modeled events) and
their linkage with climate change scenarios;
and closing the gaps in our understanding of
common pollutants, such as particulate mat-
ter and ozone, and of individual exposures to
these pollutants.

Water- and foodborne diseases. More
than 200 million people in the United States
have direct access to treated public water
supply systems, yet as many as 9 million
annual cases of waterborne disease have been
estimated (66), although high uncertainty
accompanies this estimate, and reporting is
variable by state (67). Although most of these
cases of waterborne disease involve mild
gastrointestinal illnesses, other severe out-
comes such as myocarditis are now recog-
nized. These infections and illnesses can be
chronic and even fatal in infants, the elderly,
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pregnant women, and people with weakened
immune systems (68,69).

In the United States, foodborne diseases
are estimated to cause 76 million cases of ill-
ness, with 325,000 hospitalizations and
5,000 deaths/year (70). Microbiologic agents
in water (e.g., viruses, bacteria, and protozoa)
can contaminate food (e.g., shellfish and
fish). In addition, there have been instances
of contamination of fresh fruits and vegeta-
bles by waterborne pathogens (71).

The routes of exposure to water- and
foodborne diseases include ingestion, inhala-
tion, and dermal absorption of microbial
organisms or algal toxins. For example, peo-
ple can ingest waterborne microbiologic
agents by drinking contaminated water, by
eating seafood from contaminated waters, or
by eating fresh produce irrigated or processed
with contaminated water (71). They also
may be exposed by contact with contaminat-
ed water through commerce (e.g., fishing) or
recreation (e.g., swimming) (72). The
waterborne pathogens of current concern
include viruses, bacteria, and protozoa.
Examples include Vibrio vulnificus, a naturally
occurring estuarine bacterium responsible for
a high percentage of the deaths associated
with shellfish consumption (73,74); Cryp-
tosporidium parvum and Giardia lamblia,
associated with gastrointestinal illnesses (75);
and biologic toxins associated with harmful
algal blooms (76). Many of these were discov-
ered only recently and are the subject of
ongoing research.

Between 1980 and 1996, 401 disease
outbreaks associated with drinking water
were reported, with more than 750,000 asso-
ciated cases of disease (75). More than
400,000 of those cases (including 54 deaths)
occurred in a 1993 Cryptosporidium out-
break that resulted from the contamination
of the Milwaukee, Wisconsin, water supply
(77). A contributing factor in the contami-
nation, in addition to treatment system mal-
functions, was heavy rainfall and runoff that
resulted in a decline in the quality of raw
surface water arriving at the Milwaukee
drinking water plant (78). Studies from
other locations in the United States found
positive correlations between rainfall and
Cryptosporidium oocyst and Giardia cyst
concentrations in river water (79) and
human disease outbreaks (80). Many water
treatment facilities still have difficulty
removing these pathogens.

Changes in precipitation, temperature,
humidity, salinity, and wind have a measur-
able effect on the quality of water used for
drinking, recreational, and commercial use,
and as a source of fish and shellfish. Direct
weather associations have been documented
for waterborne disease agents such as Vibrio
bacteria (81), viruses (82), and harmful algal
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blooms (83). In Florida during the strong EI
Nifio winter of 1997-1998, high precipita-
tion and runoff greatly elevated the counts of
fecal bacteria and infectious viruses in local
coastal waters (83). In Gulf Coast waters,
Vibrio vulnificus bacteria are especially sensi-
tive to water temperature, which dictates its
seasonality and geographic distribution
(81,84). In addition, toxic red tides prolifer-
ate as seawater temperatures increase (85).
Opver the past 25 years along the East Coast,
reports of marine-related illnesses increased
in correlation with El Nifio events (83).

For many waterborne diseases, the man-
agement and disposal of sewage, biosolids,
and other animal wastes and the protection
of watersheds and fresh water flows are criti-
cal variables that impact water quality and
the risk of waterborne disease (68). In
September 1999, the largest reported water-
borne associated outbreak of Escherichia coli
0157:H7 occurred at a fairground in the
state of New York and was linked to conta-
minated well water (86). The likelihood of
this type of problem occurring increases
under conditions of high soil saturation,
which enhances the rapid transport of
microbiologic organisms (87). Finally, many
communities in the United States continue
to use combined sewer and storm water
drainage systems; these may pose a health
risk should the frequency or intensity of
storms increase, because raw sewage bypasses
treatment and is discharged into receiving
surface waters during storms (88).

Current adaptations for assessing and
preventing waterborne diseases include legal
and administrative measures such as water
safety criteria, monitoring requirements, and
health outcome surveillance, as mandated
under the Safe Drinking Water Act, with
amendments in 1996 (89). Recent legislative
and regulatory attention has focused on
improved treatment of surface water to
address microbial contaminants and on
ground water and watershed protection
(68,90).

With respect to marine-related human
disease outbreaks, protection is provided by
measures such as adequate sewage/sanitation
systems and safe food storage infrastructures,
and beach and recreational water monitoring
(91). However, these measures are inade-
quate for microbial contaminants. With
increasing trends in food importation,
improved surveillance and preventive mea-
sures are required (71), as well as a better
understanding of how climate and weather
might affect food and water safety outside
the United States.

Important knowledge gaps must be
addressed to improve the assessment of the
association of climate with waterborne dis-
ease issues. Determinants of transport and

the fate of microbial pollutants associated
with rainfall and melting snow are not well
quantified. Further studies should address
the influence of varying land use on the
water quality in watersheds. For urban
watersheds, much of the current annual load
of contaminants is transported into fresh and
marine bodies of water during storm events.
For these reasons, regional and even local-
ized projections of changes in the intensity
and frequency of storms and changes in land
use are required for improving climate vari-
ability/health assessments.

Advances in monitoring are necessary to
improve our knowledge base and enhance
early warning and prevention capabilities.
Application of existing technologies could be
expanded, such as molecular fingerprinting
to track contaminant sources (92), improve-
ment of monitoring systems (93), and the
use of satellite remote sensing to detect
coastal algal blooms (94). Coordination and
integration of monitoring across the varying
agencies responsible for waterborne, food-
borne, and coastal surveillance systems could
greatly enhance our knowledge and adaptive
potential.

Vector- and rodentborne diseases.
Diseases transmitted between humans by
blood-feeding arthropods (insects, ticks, and
mites), such as plague, typhus, malaria, yel-
low fever, and dengue fever were once com-
mon in the United States and in Europe
(95-97). The ecology and transmission
dynamics of these vectorborne infections are
complex and the factors that influence trans-
mission are unique to each disease. It is not
possible, therefore, to make broad generaliza-
tions on the effect of climate on vectorborne
diseases (97,98). Many of these diseases are
no longer present in the United States, main-
ly because of changes in land use, agricultural
methods, residential patterns, human behav-
ior, and vector control. However, diseases
that may be transmitted to humans from
wild animals (zoonoses) continue to circulate
in nature in many parts of the country.
Humans may become infected with the
pathogens that cause these diseases through
transmission by insects or ticks. For exam-
ple, Lyme disease, which is tickborne, circu-
lates among white-footed mice in woodland
areas of the Mid-Adantic, Northeast, upper
Midwest, and West Coast of the United
States, and humans acquire the pathogen
when they are bitten by infected ticks (99).
Fleaborne plague incidence increased in con-
junction with increasing rodent populations
after unseasonal winter—spring precipitation
in New Mexico (100).

Humans may also become infected with
pathogens that cause zoonotic diseases by
direct contact with the host animals or their
body fluids, as occurs with Hantavirus
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Pulmonary Syndrome (HPS). Hantaviruses
are carried by numerous rodent species and
are transmitted to humans through contact
with rodent urine, droppings, and saliva, or
by inhaling aerosols of these products. In
1993, a previously undocumented han-
tavirus, Sin Nombre, emerged in the Four
Corners region of the rural southwestern
United States, causing HPS (101). As of
1999, 231 cases had been confirmed in the
United States and > 650 in the Americas,
with a mortality of 42% in otherwise healthy
individuals (102).

The impact of weather on rodent popu-
lations may affect disease transmission. The
Four Corners outbreak was attributed to an
explosion in the mouse population caused by
an increase in their food supply resulting
from unusually prolonged rainfall associated
with the 1991-1992 El Nifo event (103).

Flooding has also been associated with
rodentborne leptospirosis, as occurred in the
1995 epidemic in Nicaragua. A case—control
study showed a 15-fold risk of disease associ-
ated with walking through flood waters
(104). In Salvador, Brazil, a large epidemic
of leptospirosis peaked two weeks after
severe flooding in 1996 (105). Although lep-
tospirosis cases are rare in the United States,
the disease is underdiagnosed (706), and the
bacteria has been found in samples from
both rats and children from surveys conduct-
ed in urban areas (106,107).

Changes in ecosystems and sociologic
factors play a critical role in the occurrence
of these diseases. For instance, the increasing
numbers of cases and spread of Lyme disease
in the United States and Europe stemmed
from the reversion of large tracts of agricul-
tural land to woodland and the subsequent
increase in mouse, deer, and tick populations
combined with the spread of residential areas
into undeveloped areas and farmland (708).

Most vectorborne diseases exhibit a dis-
tinct seasonal pattern which clearly suggests
that they are weather sensitive. Rainfall, tem-
perature, and other weather variables affect
in many ways both the vectors and the
pathogens they transmit. Rainfall may
increase the abundance of some mosquitoes
by increasing the number of their breeding
sites (109), but excessive rainfall can flush
these habitats and thus destroy the mosqui-
toes in their aquatic larval stages. Increased
humidity can extend vector survival times
(109). Dry conditions may eliminate the
smaller breeding sites, such as ponds and
puddles, but create productive new habitats
as river flow is diminished. Thus, epidemics
of malaria are associated with rainy periods
in some parts of the world but with drought
in others. High temperatures can increase
the rate at which mosquitoes develop into
adults, the rate of development of the

pathogens in the mosquitoes (110), and
feeding and egg-laying frequency. The key
factor in transmission is the survival rate of
the vector (111). Higher temperatures may
increase or reduce survival rate, depending
on the vector, its behavior, ecology, and
many other factors. Thus, the probability of
transmission may or may not be increased by
higher temperatures.

In some cases, specific weather patterns
over several seasons appear to be associated
with increased transmission rates. For exam-
ple, in the midwestern United States, out-
breaks of St. Louis encephalitis (SLE), a viral
infection of birds that can also infect and
cause disease in humans, appear to be associ-
ated with the sequence of warm wet winters,
cold springs, and hot dry summers (112).
The factors underlying this association
remain a matter for speculation (113,114).

In the western United States, one study
(115) predicted that a 3-5°C increase in
average temperature may cause a northern
shift in the distribution of both Western
equine encephalitis (WEE) and SLE out-
breaks and a decreased range of WEE in
southern California based on temperature
sensitivity of both virus and mosquito carrier.

Many other factors are important in
transmission dynamics. For example, dengue
fever—a viral disease mainly transmitted by
Aedes aegypti, a mosquito that is closely
associated with human habitation—is great-
ly influenced by house structure, human
behavior, and general socioeconomic condi-
tions. There is a 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
as compared to 50,333 in the three contigu-
ous border states in Mexico (116).

The tremendous growth in international
travel increases the risk of importation of
vectorborne diseases, some of which can be
transmitted locally under suitable circum-
stances at the right time of the year (99).
Key preventive measures must be directed
both at protecting the increasing number of
U.S. travelers going to disease-endemic areas,
as well as preventing importation of disease
by U.S. and non-U.S. citizens. The recent
importation of West Nile virus encephalitis
into New York illustrates the continued need
for vigilance for zoonotic diseases potentially
brought in by imported animals or interna-
tional travelers (7/17). An active survey in
Florida (718) recently documented under-
reporting for some diseases, such as dengue
fever, further demonstrating the need for
improved surveillance to better estimate risk.

Preventive measures from these types of
risks include vaccinations and drug prophy-
laxis for travelers, information for travelers,
and the use of repellants and other protective
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measures. In the United States, medical
personnel should be made aware of this
increased risk to travelers and of the need to
improve surveillance of imported vector-
borne diseases.

A high standard of living and well-devel-
oped public health infrastructure are central to
the current capacity to adapt to changing risks
of vector- and rodentborne diseases in the
United States. Maintaining and improving
this infrastructure—including surveillance,
early warning, prevention, and control—
remain a priority. Integration of climate,
environmental, health, and socioeconomic
data may facilitate implementing public
health prevention measures. For example,
climate forecasts may assist in disease
prevention by predicting short-term events
such as El Nifio, and early warning from
improved vector and disease surveillance can
help prevent local transmission of imported
vectorborne diseases (119).

Potential health outcomes not addressed.
Other health outcomes identified in the lit-
erature and by stakeholders as potentially
affected by climate variability and change
may warrant future study but are beyond the
scope of this current assessment. For exam-
ple, we did not address the potential impacts
on health of economic losses or gains due to
climate variability or attempt to assign a
monetary value to the health outcomes of
climate change. We did not address the
potential impact that changes in the hydro-
logic cycle might have on crop production
and food storage in the United States (120).
Finally, we did not address stratospheric
ozone depletion (121), although climate
change may contribute to the delayed recov-
ery of the stratospheric ozone hole (122) and
possibly lead to adverse health impacts from
increased ultraviolet exposure.

Adaptation/Prevention
Strategies

If climate change occurs as projected, it may
have significant impacts on virtually all sys-
tems on which human life depends—biolog-
ic, hydrologic, and ecologic. The extent of
the impact that climate change may have on
human health is uncertain because it is
dependent on multiple interrelated variables
as well as on the condition of our public
health infrastructure. Climate variability and
change will likely have both positive and
negative consequences for the health of the
U.S. population (Table 1).

The future vulnerability of the U.S.
population to the health impacts of climate
change depends on our capacity to adapt to
any adverse changes through legislative,
administrative, institutional, technological,
educational, and research-related measures.
Examples include building codes and zoning
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Table 2. Summary of research needs and knowledge gaps.

Research need

Knowledge gap

Temperature-related morbidity and
mortality

Extreme weather events-related
health effects

Air-pollution-related health effects

Water- and foodborne diseases

Vector- and rodentborne diseases

Improvement of the early prediction of these events by determining the key weather parameters associated with health

Improvement of urban design to facilitate trees, shade, wind and other heat-reducing conditions to limit the urban heat
island effect

Better personal exposure assessment

Heat mortality modeling

Understanding of weather relationship to causes of winter mortality

Improvement of warning systems to provide early, easily understood messages to the populations most likely to be affected
Evaluation of the effectiveness of educational materials and early warning systems

Long-term health effects from severe events, such as nutritional deficiency and mental health effects

Standardization of information collection after disasters to better measure morbidity and mortality

Effects of altered land use on vulnerability to extreme weather

Association between weather and pollutants

Health impacts of chronic exposure to high levels of ozone

Health effects of exposure to ozone in people with asthma and other lung diseases

Interaction of ozone with other air pollutants

Mechanisms responsible for the adverse effects of 0zone and other air pollutants in the general population and within
susceptible subgroups

Measures that can modulate the impact of air pollution on health, such as nutrition and other lifestyle characteristics

Urban weather modeling for inversions, etc.

Links between land use and water quality, through better assessment at the watershed level of the transport and fate of
microbial pollutants associated with rain and snowmelt

Methods to improve surveillance and prevention of waterborne disease outbreaks

Epidemiologic studies

Molecular tracing of waterborne pathogens

Links between drinking water, recreational exposure, and foodborne disease monitoring

Links between marine ecology and toxic algae

Vulnerability assessment to improve water and waste water treatment systems

Improvement of rapid diagnostic tests for pathogens

Vaccines

Improvement of active laboratory-based disease surveillance and prevention systems at the state and local level
Transmission dynamics (including reservoir host and vector ecology) studies

Improvement of surveillance systems for the arthropod vector and vertebrate hosts involved in the pathogen maintenance/

transmission cycles to allow for more accurate predictive capability for epidemic/epizootic transmission
More effective and rapid electronic exchange of surveillance data

to prevent storm or flood damage, weather-
watch/warning systems, improved disease
surveillance and prevention programs,
fortified sanitation systems, education of
health professionals and the public, and
research addressing key knowledge gaps in
climate/health relationships (Table 2).

Many of these adaptive responses are
desirable from a public health perspective
irrespective of climate change. For example,
reducing air pollution obviously has both
short- and long-term benefits to the health of
the population. Improving warning systems
for extreme weather events and eliminating
existing combined sewer and storm water
drainage systems are other measures that can
ameliorate some of the potential adverse
impacts of current climate extremes and of
the possible impacts of climate change.
Improved discase surveillance and prevention
systems at the state and local levels are des-
perately needed. Of course, adverse effects of
adaptive measures are possible (e.g., children
playing indoors avoid ozone exposure but
may not get sufficient exercise); analysis of
the pros and cons of adaptation measures is
an important area for future research.

In sum, we found that most of the U.S.
population is presently protected against
adverse health outcomes associated with
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weather and/or climate, although certain
demographic and geographic populations are
at increased risk. Vigilance in the mainte-
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