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Executive Summary  1 

Climate change is a significant threat to the health of the American people. The Third National 2 
Climate Assessment confirmed the evidence for human-induced climate change and described 3 
how impacts are increasing nationwide. Rising carbon dioxide concentrations, and the resulting 4 
increases in temperature, changes in precipitation, increases in the frequency and intensity of 5 
extreme weather events, and sea level rise endanger our health by affecting our food and water 6 
sources, the air we breathe, the weather we experience, and our interactions with the built and 7 
natural environments. As the climate continues to change, the risks to human health continue to 8 
grow.  9 

Current and future climate impacts expose more people in more places to public health threats. 10 
Already in the United States, we have observed climate-related increases in exposure to elevated 11 
temperatures; increases in the frequency, severity, or duration of certain extreme weather events; 12 
degraded air quality; diseases transmitted through food, water, and disease vectors (such as ticks 13 
and mosquitos); and stresses to our mental health and well-being. Almost all of these threats are 14 
expected to worsen with continued climate change. Some of these health threats will occur over 15 
longer time periods, or at unprecedented times of the year, or will expose people in regions of the 16 
country that have not previously experienced these threats.  17 

Every American is vulnerable to the health impacts associated with climate change. Increased 18 
exposure to multiple health threats, together with changes in sensitivity and the ability to adapt to 19 
those threats, increases a person’s vulnerability to climate-related health effects. The impacts of 20 
climate change on human health interact with changes in underlying health, demographic, and 21 
socioeconomic factors. Through the combined influence of these factors, climate change 22 
exacerbates and accelerates some existing health threats and creates new public health 23 
challenges. While all Americans are at risk, some populations of concern are disproportionately 24 
vulnerable, including those with low income; some communities of color; those with limited 25 
English proficiency; immigrant groups; Indigenous peoples; children and pregnant women; older 26 
adults; certain occupational groups; persons with functional disabilities; and persons with pre-27 
existing or chronic medical conditions. 28 

In recent years, our understanding of how climate change increases risks to human health has 29 
advanced significantly. Even so, our ability to evaluate, track, and project health effects varies 30 
across climate impacts. For instance, health outcomes differ in terms of whether complete, long-31 
term datasets exist that allow us to quantify observed changes, and whether existing models are 32 
able to project impacts at the timescales and geographic scales of interest. Differences also exist 33 
in the metric we are able to observe or project across different health outcomes. For some, we are 34 
only able to describe changes in risk or exposure, while in others we can describe changes in 35 
actual health outcomes (such as the number of new cases of a disease or an increase in deaths). 36 
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This scientific assessment builds on the National Climate Assessment and reviews and 1 
synthesizes new literature on the impacts of climate change on human health in the United 2 
States. Each chapter characterizes the strength of the scientific evidence for a given climate-3 
health exposure pathway or “link” in the causal chain between a climate change impact and its 4 
associated health outcome. Our understanding of climate-related health impacts has been 5 
strengthened and expanded towards a more definite description of climate-related health burdens 6 
in the United States. This assessment’s findings represent an improvement in scientific 7 
confidence in the link between climate change and threats to public health, and includes 8 
recognition of populations of concern, a broad range of health impacts, and identification of 9 
emerging issues. These considerations provide needed context for understanding Americans’ 10 
changing health risks. Acknowledging the rising demand and necessity for data that can be used 11 
to characterize how climate change affects health, this assessment highlights analyses that 12 
quantify health impacts. The findings, which synthesize key contributions to the scientific 13 
knowledge that allows us to understand, project, and respond to future climate change health 14 
threats, underscore the significance of the growing risk climate change poses to human health. 15 

How Does Climate Change Affect Human Health? 16 
The influences of weather and climate on human health are significant and varied. Exposure to 17 
health hazards related to climate change and variability affects different people and different 18 
communities to different degrees. While often assessed individually, exposure to multiple 19 
climate change threats can occur simultaneously with compounding or cascading health impacts 20 
(see Figure ES1).  21 

With climate change, the frequency, severity, and even the location of weather and climate 22 
phenomena like rising temperatures, heavy rains and droughts, and some other kinds of severe 23 
weather are changing. This means that areas that already experience health-threatening weather 24 
and climate phenomena, such as severe heat or hurricanes, are likely to experience worsening 25 
impacts, such as higher temperatures and more severe storm surge and wind speeds. It also 26 
means that some areas will experience new climate-related health threats. For example, 27 
areas previously unaffected by toxic algal blooms or waterborne diseases because of cooler water 28 
temperatures may face these hazards in the future as increasing water temperatures allow the 29 
organisms that cause these health risks to thrive. Even areas that currently experience these 30 
health threats may see a shift in the timing of the seasons that pose the greatest risk to human 31 
health. 32 

Climate change can therefore affect human health in two main ways: first, by changing the 33 
severity or frequency of health problems that are already affected by climate and weather factors; 34 
and second, by creating unprecedented or unanticipated health problems or health threats in 35 
places where they have not previously occurred.  36 

 37 

  38 
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Figure ES1: Climate Change and Health 1 

 2 

Caption: Conceptual diagram illustrating the exposure pathways by which climate 3 
change affects human health. The central blue pathway includes selected examples of 4 
climate drivers—the pathways by which humans are exposed to health threats from those 5 
drivers, and the resulting health outcomes. The orange path on the left indicates examples 6 
of environmental and biological conditions not necessarily driven by climate change that 7 
can affect human vulnerability to health impacts of climate change. The green path on the 8 
right indicates social determinants of health that also affect human vulnerability to health 9 
impacts of climate change. The diagram also shows that climate drivers can affect health 10 
outcomes by influencing the state of non-climate stressors and social determinants of 11 
health.  12 

  13 



USGCRP Climate and Health Assessment Executive Summary 
Draft for Public Comment April 7, 2015   

Draft for Public Comment. Do Not Cite or Quote. 5 

Temperature-Related Death and Illness  1 
Increasing concentrations of greenhouse gases lead to a warming of both average and extreme 2 
temperatures. This is expected to lead to a decrease in deaths from cold and an increase in deaths 3 
and illness from heat (see Figure ES2), particularly for a number of communities especially 4 
vulnerable to these changes, such as children, the elderly, and disadvantaged groups. Days that 5 
are hotter than normal in the summer or colder than normal in the winter both cause increased 6 
levels of illness and death by compromising the body’s ability to regulate its temperature or by 7 
inducing direct or indirect cardiac complications. Loss of internal temperature control can result 8 
in a cascade of illnesses, including heat cramps, heat exhaustion, heatstroke, and hyperthermia in 9 
the presence of extreme heat, and hypothermia and frostbite in the presence of extreme cold. 10 
Temperature extremes can also worsen chronic conditions such as cardiovascular disease, 11 
respiratory disease, cerebrovascular disease, and diabetes-related conditions. Prolonged exposure 12 
to high temperatures is associated with increased hospital admissions for cardiovascular, kidney, 13 
and respiratory disorders.  14 

Future Increases in Temperature-Related Deaths  15 

Key Finding 1: Future climate warming could lead to thousands to tens of thousands of 16 
additional deaths each year from heat in the summer, as calculated by extrapolating statistical 17 
relationships and without considering potential adaptive changes [Very Likely, High Confidence]. 18 
Climate warming will also lead to a decrease in deaths from cold in the winter [Very Likely, 19 
Medium Confidence], but this reduction in deaths is projected to be smaller than the increase in 20 
summertime heat-related deaths in most regions [Likely, Medium Confidence]. 21 

Illness and Deaths are Related to Deviations from Seasonal Average  22 

Key Finding 2: Days that are hotter than normal in the summer or colder than normal in the 23 
winter are both associated with increased illness and death. While large health effects are 24 
observed for extreme temperature events, mortality effects are also seen for smaller deviations of 25 
even a few degrees from seasonal averages, and small deviations from average temperature occur 26 
much more frequently than extreme events. Due to climate change, more hot days and fewer cold 27 
days are expected in the future. [Very Likely, High Confidence] 28 

Changing Tolerance to Extreme Heat 29 

Key Finding 3: An increase in population tolerance to extreme heat [Very Likely, High 30 
Confidence], but not extreme cold, has been observed over time. This could be related to 31 
increased use of air conditioning, improved social responses, and/or physiological acclimitization 32 
[Likely, Medium Confidence]. Including this adaptation trend in human health projections will 33 
reduce but not eliminate the increase in future deaths from heat [Likely, Low Confidence].  34 

 35 
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Some Populations at Greater Risk 1 

Key Finding 4: Elderly persons and people working outdoors have a higher risk of dying due to 2 
increasing frequency, intensity, and duration of future heat and heat waves. Children and 3 
working age adults have increased vulnerability to heat-related illness. The socially isolated, 4 
economically disadvantaged, some communities of color, and those with chronic illnesses are 5 
also especially vulnerable to death or illness. [High Confidence]  6 

Figure ES2. Projected Changes in Deaths in U.S. Cities by Season  7 

 8 
Caption: This figure shows the projected increase in deaths due to warming in the 9 
summer months (hot season, April-September), the projected decrease in deaths due to 10 
warming in the winter months (cold season, October-March), and the projected net 11 
change in deaths for the 209 U.S. cities examined. These results are based on the 12 
statistical approach of Schwartz et al. (2014) using the GFDL-CM3 and MIROC5 climate 13 
models.     14 

15 
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Air Quality Impacts 1 
Changes in the climate affect the air we breathe both indoors and outdoors. The changing climate 2 
has modified weather patterns, which in turn have influenced the levels and location of outdoor 3 
air pollutants such as ground-level ozone (see Figure ES3) and fine particulate matter. Increasing 4 
CO2 levels will also promote the growth of plants that release airborne allergens (aeroallergens). 5 
Finally, these changes to outdoor air quality and aeroallergens may also affect indoor air quality 6 
as both pollutants and aeroallergens infiltrate homes and offices. Poor air quality, whether 7 
outdoors or indoors, can negatively affect the human respiratory and cardiovascular systems. 8 
Higher pollen concentrations and longer pollen seasons can increase allergic sensitization and 9 
asthma episodes and thereby limit productivity at work and school.  10 

Exacerbated Ozone Health Impacts  11 

Key Finding 1: Changes to the climate will tend to make it harder for any given regulatory 12 
approach to reduce ground-level ozone pollution in the future as meteorological conditions 13 
become increasingly conducive to forming ozone over most of the United States. Unless offset 14 
by additional emissions reductions, these climate-driven increases in ozone will cause premature 15 
deaths, hospital visits, lost school days, and acute respiratory symptoms. [Likely, High 16 
Confidence] 17 

Worsened Allergy and Asthma Conditions  18 

Key Finding 2: Changes in climate, specifically rising temperatures, increasing precipitation, 19 
and increasing atmospheric carbon dioxide, are expected to contribute to increasing levels of 20 
some airborne allergens and associated increases in asthma episodes and other allergic illnesses 21 
compared to a future without climate change. [High Confidence] 22 

  23 
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Figure ES3. Projected change in average daily maximum temperature, seasonal average 1 
maximum daily 8-hr ozone, and ozone-related premature deaths in 2030 2 

 3 

Caption: The air quality response to climate change can vary substantially by region 4 
across scenarios. Two downscaled global circulation model projections estimate increases 5 
in average daily maximum temperatures of 1°C to 4°C (1.8°F to 7.2°F) and 6 
corresponding 1 to 5 parts per billion increases in average daily 8-hour maximum ozone 7 
at 2030 throughout the continental United States. Unless offset by additional emissions 8 
reductions, this “climate penalty” of increased ozone concentrations due to climate 9 
change would lead to tens to thousands of additional ozone-related illnesses and 10 
premature deaths per year. (Figure source: Fann et al. 2014)  11 
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Vectorborne Diseases 1 
Vectorborne diseases are illnesses that are transmitted by vectors, such as mosquitoes, ticks, and 2 
fleas. These vectors can carry infective pathogens such as viruses, bacteria, and protozoa, which 3 
can be transferred from one host (carrier) to another. The seasonality, distribution, and 4 
prevalence of vectorborne diseases are influenced significantly by climate factors, primarily high 5 
and low temperature extremes and precipitation patterns. Climate change is likely to have both 6 
short- and long-term effects on vectorborne disease transmission and infection patterns, affecting 7 
both seasonal risk and broad geographic changes in disease occurrence over decades (See Figure 8 
ES4). While climate variability and climate change both alter the transmission of vectorborne 9 
diseases, they will likely interact with many other factors, including how pathogens adapt and 10 
change, human susceptibility to infection, changing ecosystems, and human demographics and 11 
behavior. These complex interactions make it difficult to predict the effects of climate change on 12 
vectorborne diseases. 13 

Changing Distributions of Vectors and Vectorborne Diseases 14 

Key Finding 1: Climate change is expected to alter the geographic and seasonal distributions of 15 
existing vectors and vectorborne diseases [Likely, High Confidence]. 16 

Earlier Tick Activity and Northward Range Expansion 17 

Key Finding 2: Ticks capable of carrying the bacteria that cause Lyme disease and other 18 
pathogens will show earlier seasonal activity and a generally northward expansion in their 19 
habitat range in response to increasing temperatures associated with climate change [Likely, High 20 
Confidence]. Longer seasonal activity and expanding geographic range of these ticks may 21 
increase the risk of human exposure to ticks [Low Confidence].  22 

Climate-driven Mosquito-borne Disease Dynamics 23 

Key Finding 3: Rising temperatures, changing precipitation patterns, and a higher frequency of 24 
some extreme weather events associated with climate change will influence the distribution, 25 
abundance, and infection rate of mosquitoes that transmit West Nile virus and other pathogens 26 
by altering habitat availability and mosquito and viral reproduction rates [Extremely Likely, High 27 
Confidence]. Alterations in the distribution, abundance, and infection rate of mosquitoes may 28 
increase human exposure to bites from infected mosquitoes, which may increase risk for human 29 
disease [Low Confidence]. 30 

Climate and Non-climate Factors Determine Human Vulnerability 31 

Key Finding 4: Non-climate factors that affect vulnerability to vectorborne disease (such as age, 32 
gender, socioeconomic status, geography, and occupation) also influence risk for disease 33 
occurrence [High Confidence].  34 



USGCRP Climate and Health Assessment Executive Summary 
Draft for Public Comment April 7, 2015   

Draft for Public Comment. Do Not Cite or Quote. 10 

Emergence of New Vectorborne Pathogens   1 

Key Finding 5: Climate change will interact with other driving factors (such as travel-related 2 
exposures or evolutionary adaptation of invasive vectors and pathogens) to influence the 3 
emergence or re-emergence of vectorborne pathogens [High Confidence]. 4 

Figure ES4: Changes in Lyme Disease Case Report Distribution. 5 

 6 

Caption: Maps show the reported cases of Lyme disease in 1996 and 2013 for the areas of 7 
the country where Lyme disease is most common (the Northeast and Upper-Midwest). 8 
Both the distribution and the numbers of cases have increased. (Figure source: CDC 9 
2014) 10 

  11 
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Water-Related Illnesses 1 
Across most of the United States, climate change is expected to affect fresh and marine water 2 
sources in ways that will increase people’s exposure to contaminants that cause illness (see 3 
Figure ES5). Water-related illnesses can be caused by pathogens, such as bacteria, virus, and 4 
protozoa; toxins produced by certain harmful algae and cyanobacteria; and chemicals introduced 5 
into the environment by human activities. Certain climate and weather factors enhance the 6 
growth, survival, spread, and virulence, or toxicity, of water-related pathogens and toxins, which 7 
make them more likely to cause disease. Exposure occurs through ingestion, inhalation, or direct 8 
contact with contaminated drinking or recreational water and through consumption of fish and 9 
shellfish. Whether or not illness results from exposure to contaminated water is dependent on a 10 
complex set of factors, including human behavior and other social determinants of health. Water 11 
resource, public health, and environmental agencies in the United States provide extensive public 12 
health safeguards, such as water quality monitoring and issuing advisories, to reduce risk of 13 
exposure and illness even if local water sources become contaminated.  14 

Seasonal and Geographic Expansion of Waterborne Illness Risk 15 

Key Finding 1: Increases in both coastal and inland water temperatures associated with climate 16 
change will expand the seasonal windows of growth [Very Likely, High Confidence] and the 17 
geographic range of suitable habitat [Likely, High Confidence] for naturally occurring pathogens 18 
and toxin-producing harmful algae. These changes are projected to increase the risk of exposure 19 
to waterborne pathogens and algal toxins that can cause a variety of illnesses [Medium 20 
Confidence]. 21 

Exposure Risk from Extreme Precipitation Events 22 

Key Finding 2: Recreational waters and sources of drinking water will be compromised by 23 
increasingly frequent and intense extreme precipitation events [High Confidence]. Surface runoff 24 
and flooding associated with heavy precipitation and storm surge events increase pathogen loads 25 
originating from urban, agricultural, and wildlife sources and promote blooms of harmful algae 26 
in both fresh and marine waters. Greater pathogen or algal toxin loading in drinking and 27 
recreational water sources following an extreme weather event will increase risk of human 28 
exposure to agents of water-related illness [Medium Confidence]. 29 

Water Infrastructure Failure or Damage 30 

Key Finding 3: Increases in some extreme weather events and storm surge will increase the risk 31 
of failure of, or damage to, water infrastructure for drinking water, wastewater, and stormwater 32 
[Medium Confidence]. Aging infrastructure is particularly susceptible to failure. A breakdown in 33 
water infrastructure would contribute to increased risk of exposure to water-related pathogens, 34 
chemicals, and algal toxins. 35 
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Figure ES5: Links between Climate Change, Water Quantity and Quality, and Human 1 
Exposure to Water-related Illness 2 

 3 
Caption: Precipitation and temperature changes affect fresh and marine water quantity 4 
and quality of urban, rural, agriculture and wildlife runoff, which in turn affects human 5 
exposure to waterborne illnesses, primarily through drinking water, recreational water, 6 
and contaminated seafood. 7 

 8 
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Food Safety, Nutrition, and Distribution 1 
A safe and nutritious food supply is a vital component of food security. Systems and processes 2 
related to food safety, nutrition, and production are inextricably linked to their physical and 3 
biological environment. There are two overarching means by which increasing carbon dioxide 4 
(CO2) and climate change alter safety, nutrition, and distribution of food (see Figure ES6). The 5 
first is associated with rising global temperatures and the subsequent changes in weather patterns 6 
and extreme climate events. Current and anticipated changes in climate and the physical 7 
environment have consequences for contamination, spoilage, and the disruption of food 8 
distribution. The second is that higher concentrations of CO2 stimulate carbohydrate production 9 
and plant growth, but lower the levels of protein and essential minerals in a number of widely 10 
consumed crops, including wheat, rice and potatoes, with potentially negative implications for 11 
human nutrition.  12 

Increased Risk of Foodborne Illness 13 

Key Finding 1: Although there are many practices to safeguard food in the United States, 14 
climate change, including rising temperatures and changes in weather extremes, is expected to 15 
intensify pathogen and toxin exposure [Likely, High Confidence], increasing the risk, if not the 16 
actual incidence, of foodborne illnesses [Medium Confidence]. 17 

Chemical Contaminants in the Food Chain 18 

Key Finding 2: Elevated sea surface temperatures and increases in certain weather extremes 19 
associated with climate change will increase human exposure to water contaminants in food 20 
[Likely, Medium Confidence]. Climate change will also alter the incidence and distribution of 21 
pests, parasites, and microbes [Very Likely, High Confidence], which will lead to increases in the 22 
use of pesticides for crop protection, animal agriculture, and aquaculture. Increased use of 23 
pesticides may result in increased human exposure to chemical contaminants in the food chain 24 
[High Confidence]. 25 

Rising Carbon Dioxide Lowers Nutritional Value of Food 26 

Key Finding 3:  Rising atmospheric carbon dioxide will continue to lower the nutritional value 27 
of most food crops, including wheat and rice, and can also reduce the concentration of essential 28 
minerals in a number of crop species. [Very Likely, High Confidence]  29 

  30 
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Extreme Weather Limits Access to Safe Foods 1 

Key Finding 4: Increases in the frequency or intensity of some extreme weather events 2 
associated with climate change may increase disruptions of food distribution by damaging 3 
existing infrastructure or slowing shipments. These impediments may lead to food damage, 4 
spoilage, or contamination, which may limit availability and access to safe and nutritious food. 5 
[Medium Confidence] 6 

Figure ES6: Farm to Table: The Potential Interactions of Rising CO2 and Climate Change 7 
on Food Safety 8 

  9 

Caption: The food system involves a network of interactions with our physical and 10 
biological environments as food moves from production to consumption, or from “farm 11 
to table.” Rising CO2 and climate change will affect the quality and distribution of food, 12 
with subsequent effects on food safety and nutrition.  13 

  14 
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Extreme Weather 1 
Climate change has already resulted in a shift in the frequency, intensity, and duration of certain 2 
extreme events (see Figure ES7). Projections show that there will be an increase in the 3 
occurrence and severity of some extreme weather (such as the frequency and intensity of heavy 4 
rainfall events) in the coming century, while for other extremes the links to climate change are 5 
more uncertain. Health hazards associated with extreme events can result in death, injury, 6 
disease, and other negative effects on human physical, mental, and social well-being. The 7 
severity and extent of health effects associated with extreme weather events depend on the 8 
unique human, societal, and environmental circumstances at the time and place where events 9 
occur. Extreme events may result in direct health impacts, such as drowning or injury during a 10 
hurricane (see Figure ES7). Other health impacts may occur after the event as a result of damage 11 
to property, destruction of assets, loss of infrastructure and public services, social and economic 12 
disruption, environmental degradation, and other factors.  13 

Changes in Exposure Risk  14 

Key Finding 1: Climate change may increase exposure to health hazards associated with 15 
projected increases in the frequency and/or intensity of extreme precipitation, hurricanes, coastal 16 
inundation, drought, and wildfires in some regions of the United States [Medium Confidence]. 17 
Adverse health outcomes associated with exposure to extreme events include death, injury, or 18 
illness; exacerbation of underlying medical conditions; and adverse effects on mental health. 19 

Other Factors Influence Health Impacts 20 

Key Finding 2: The character and severity of health impacts from extreme events depend not 21 
only on the frequency or intensity of the extremes themselves but also on a population’s 22 
exposure, sensitivity, and adaptive capacity. Many types of extreme events can cause loss of 23 
essential infrastructure, such as water, transportation, and power systems that are required to 24 
safeguard human health. [High Confidence] 25 

Certain Populations Are More Vulnerable 26 

Key Finding 3: Key risk factors that individually and collectively shape a population’s 27 
vulnerability to health impacts from extreme events include age, health status, socioeconomic 28 
status, race/ethnicity, and occupation. [High Confidence]   29 

 30 
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Figure ES7: Estimated Deaths and Billion Dollar Losses from Extreme Events in the 1 
United States 2004-2013 2 

 3 

Caption: This figure provides 10-year estimates of fatalities related to extreme events 4 
from 2004-2013 (NOAA 2015), as well as estimated economic damages from  a few 5 
weather and climate disaster events with losses exceeding $1 billion (see Smith and Katz 6 
2013 to understand how total losses were calculated). These statistics are indicative of the 7 
human and economic costs of extreme weather events over this time period. Climate 8 
change will impact the frequency, intensity and geographic distribution of some of these 9 
extremes (Melillo et al. 2014), which has consequences for people's exposure to health 10 
risks from extreme events. Trends and future projections for some extremes, including 11 
tornadoes, lightning, and wind storms are still uncertain. 12 

 13 
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Mental Health and Well-Being 1 
The effects of global climate change on mental health and well-being are an integral part of the 2 
overall climate-related human health impacts. Mental health consequences of climate change 3 
range from minimal stress symptoms to clinical disorders (such as anxiety, depression, post-4 
traumatic stress, and suicidality) and from interpersonal violence to group conflict. They also 5 
include effects on the everyday life, perceptions, and experience of individuals and communities 6 
attempting to understand and respond appropriately to climate change and its implications. 7 
Anything that affects human health and welfare has the potential to impact mental health and 8 
well-being. Therefore, the adverse mental health impacts of climate change are likely to be wide-9 
ranging, stressful, and cumulative (see Figure ES8).  10 

Mental Health Consequences of Exposure to Disasters 11 

Key Finding 1: Many people exposed to climate-related disasters experience stress and serious 12 
mental health consequences. Depending on the type of the disaster, these serious mental health 13 
consequences include significant symptoms of post-traumatic stress disorder (PTSD), 14 
depression, and general anxiety, which often occur at the same time. The majority of affected 15 
people recover over time on their own, although a significant proportion of exposed individuals 16 
develop chronic levels of psychological dysfunction. [Very High Confidence]  17 

Specific Groups of People Are at Higher Risk  18 

Key Finding 2: Specific groups of people are at higher risk for distress following climate-related 19 
events. These groups include children, the elderly, and women (especially pregnant and post-20 
partum women), people with pre-existing mental illness, low-income persons, first-responders, 21 
and people who are homeless. Communities that rely on the natural environment for sustenance 22 
and livelihood and populations living in areas most susceptible to specific climate change events 23 
are at increased risk for adverse mental health outcomes. [High Confidence]  24 

The Threat of Climate Change 25 

Key Finding 3: The threat of climate change, the perceived direct experience of climate change, 26 
and changes to one’s local environment can result in substantial adverse mental health outcomes 27 
and social impacts for the American public. Virtually all Americans are exposed to the threat of 28 
climate change and to events attributed to the impacts of climate change through frequent multi-29 
media coverage. [High Confidence]  30 

Extreme Heat May Increase Risks for People with Mental Illness  31 

Key Finding 4: People with mental illness, especially those who take certain prescription 32 
medications to treat their illnesses, are at higher risk for poor physical and mental health due to 33 
extreme heat. Increases in extreme heat will have an impact on the incidence of disease and 34 
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death of people with mental illness. Significant segments of people with mental illnesses who are 1 
most vulnerable to extreme heat, such as the elderly, are also taking medication that impairs the 2 
body’s ability to regulate heat and therefore have increased vulnerability to the effects of heat. 3 
[Very High Confidence] 4 

Figure ES8. The Impact of Climate Change on Physical, Mental, and Community Health. 5 

 6 

Caption: At the center of the diagram are human figures representing adults, children, 7 
older adults, and people with disabilities.  The left circle depicts climate impacts 8 
including heat, wildfires, sea-level rise, storms, and drought.  The right circle shows the 9 
three interconnected health domains, Medical and Physical Health, Mental Health, and 10 
Community Health, that will be affected by climate impacts. 11 
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Climate-Health Risk Factors and Populations of Concern 1 
Climate change is already causing and will continue to result in a range of health impacts across 2 
different population groups in the United States. The vulnerability of any given group is a 3 
function of its sensitivity to climate-related health impacts, its exposure to those risks, and its 4 
capacity for responding to or coping with climate variability and change (see Figure ES9). 5 
Particularly vulnerable groups of people, described here as populations of concern, include those 6 
with low income, communities of color, those with limited English proficiency and immigrant 7 
groups, Indigenous peoples, children and pregnant women, older adults, certain occupational 8 
groups, persons with functional disabilities, and persons with biologically determined 9 
vulnerability, such as pre-existing or chronic medical conditions. Characterizations of 10 
vulnerability should consider how populations of concern experience disproportionate, multiple, 11 
or complex risks to their health and well-being. 12 

Vulnerability Varies Across Individuals, Time Scales, and Places 13 

Key Finding 1: Across the United States, people and communities differ in their exposures, their 14 
inherent sensitivity, and their adaptive capacity that enables them to respond to and cope with 15 
climate change related health threats. Vulnerability to climate change varies across time and 16 
geographic areas, across communities, and among individuals within communities. [Very High 17 
Confidence] 18 

Climate Factors Interact with Non-Climate Factors to Increase Health Risk 19 

Key Finding 2: Climate change related health risks interact with some of the same non-climate 20 
factors that increase the risk of poor health generally. Non-climate factors, such as those related 21 
to demographic changes, socioeconomic factors, and pre-existing or chronic illnesses, may 22 
amplify, moderate, or otherwise influence climate-related health effects, particularly when they 23 
occur simultaneously or close in time or space. [High Confidence]  24 

Increased Vulnerability to Climate-Related Health Impacts is Widespread Across Ages and 25 
Stages of Life 26 

Key Finding 3: People experience different vulnerabilities at different ages and life stages. For 27 
example, the very young and the very old are particularly sensitive to climate-related health 28 
impacts. [High Confidence] 29 

Mapping Tools and Vulnerability Indices Help to Identify Where and for Whom Climate 30 
Health Risks Are Greatest 31 

Key Finding 4: The use of geographic data allows for more sophisticated mapping of risk 32 
factors and social vulnerabilities to identify and protect specific locations and groups of people. 33 
[Medium Confidence] 34 
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Figure ES9. Determinants of Vulnerability 1 

 2 

Caption: Defining determinants of vulnerability to health impacts, including exposure, 3 
sensitivity, and adaptive capacity (Figure source: adapted from Turner et al. 2003) 4 

  5 
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Preface 1 

Climate change threatens human health and well-being in the United States. To enhance 2 
understanding of this growing threat, the Interagency Group on Climate Change and Human 3 
Health (CCHHG), a working group of the U.S. Global Change Research Program (USGCRP), 4 
has developed this scientific assessment as part of the ongoing efforts of USGCRP’s National 5 
Climate Assessment (NCA) and as called for under the President’s Climate Action Plan. This 6 
assessment responds to the 1990 Congressional mandate to periodically produce National 7 
Climate Assessments and to assist the nation in understanding, assessing, predicting, and 8 
responding to human-induced and natural processes of global change. USGCRP agencies 9 
identified human health impacts as a high-priority topic for an interim assessment designed to be 10 
released between the third NCA (Melillo et al. 2014a) and the next NCA, which is expected in 11 
2018.  12 

The purpose of this assessment is to provide a comprehensive, evidence-based, and, where 13 
possible, quantitative estimation of observed and projected climate change related health impacts 14 
in the United States. The USGCRP Climate and Health Assessment has been developed to 15 
inform public health officials, urban and disaster response planners, decision makers, and other 16 
stakeholders within and outside of government who are interested in better understanding the 17 
risks climate change presents to human health.  18 

The authors of this assessment have compiled and assessed current research on human health 19 
impacts of climate change and summarized the current state of the science for a number of key 20 
impact areas. This assessment provides a comprehensive update to the most recent detailed 21 
technical assessment for the health impacts of climate change, the 2008 Synthesis and 22 
Assessment Product 4.6 (SAP 4.6) Analyses of the Effects of Global Change on Human Health 23 
and Welfare and Human Systems (CCSP 2008). It also updates and builds upon the health 24 
chapter of the third NCA (Luber et al. 2014).  25 

Each chapter of this assessment summarizes scientific literature on specific health outcomes or 26 
climate change related exposures that are important to health. The chapters emphasize research 27 
published between 2007 and 2014 that quantifies either observed or future health impacts 28 
associated with climate change and that identifies risk factors for health impacts and the 29 
populations that are at greater risk. In addition, four chapters (Temperature-Related Death and 30 
Illness, Air Quality Impacts, Water-Related Illnesses, and Vectorborne Disease) highlight recent 31 
modeling analyses conducted by multiple Federal research agencies to project national-scale 32 
impacts in these areas.  33 

The geographic focus of this assessment is the United States. Studies at the regional level in the 34 
United States and studies of global linkages and implications are also considered where relevant. 35 
For example, global studies are considered for certain impact areas where there is a lack of 36 
consistent, long-term historical monitoring in the United States. In some instances it is more 37 
appropriate to consider regional studies, such as where risk is not comparable across the nation. 38 



USGCRP Climate and Health Assessment  Chapter 1: Climate Change and Human Health 
Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  24   

The focus of this assessment is on the health impacts of climate change. The assessment does not 1 
include detailed discussions of climate mitigation, adaptation, or economic valuation, nor does it 2 
make policy recommendations. Consideration of greenhouse gas emissions pathways and human 3 
adaptive capacity has been included as appropriate to assess projected climate impacts on human 4 
health. While the reviewed literature may include discussions of public health interventions that 5 
may be considered adaptive, a detailed assessment of the literature on climate mitigation and 6 
adaptation is outside of the scope of this assessment. Similarly, while this assessment does not 7 
focus on health research needs or gaps, brief insights gained on research needs while conducting 8 
this assessment can be found at the end of each chapter.  9 

The first chapter of this assessment provides background information on observations and 10 
projections of climate change in the United States and the ways in which climate change, acting 11 
in combination with other factors and stressors, influences human health. It also provides an 12 
overview of the approaches and methods used in the quantitative projections of health impacts of 13 
climate change conducted for this assessment. The next seven chapters focus on specific climate-14 
related health impacts and exposures: Temperature-Related Death and Illness; Air Quality 15 
Impacts; Water-Related Illnesses; Vectorborne Disease; Food Safety, Nutrition, and Distribution; 16 
Extreme Weather; and Mental Health and Well-Being. A final chapter on health Risk Factors 17 
and Populations of Concern identifies factors that create or exacerbate the vulnerability of certain 18 
population groups to health impacts from climate change. This chapter also integrates 19 
information from the health impact chapters to identify specific groups of people in the United 20 
States who may face greater health risks associated with climate change.  21 

22 
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1. Climate Change and Human Health 1 

Lead Authors 2 
John Balbus, National Institutes of Health 3 
Allison Crimmins, U.S. Environmental Protection Agency 4 
Janet Gamble, U.S. Environmental Protection Agency  5 

Contributing Authors 6 
David Easterling, National Oceanic and Atmospheric Administration  7 
Kenneth Kunkel, Cooperative Institute for Climate and Satellite-North Carolina,  8 

North Carolina State University 9 
Shubhayu Saha, Centers for Disease Control and Prevention 10 
Marcus Sarofim, U.S. Environmental Protection Agency 11 

Human health has always been influenced by climate and weather. Changes in climate and 12 
climate variability from what we are used to, particularly changes in weather extremes, affect the 13 
environments that provide us with clean air, food, water, shelter, and security. Climate change, 14 
together with other natural and human-made health stressors, threatens human health and well-15 
being in numerous ways. Some of these health impacts are already underway in the United 16 
States. Given that the impacts of climate change are projected to increase over the next century, 17 
certain existing health threats will intensify and new health threats may emerge in the future. 18 
Connecting our understanding of how climate is changing with an understanding of how those 19 
changes may affect human health can inform decisions about mitigating (reducing) the amount 20 
of future climate change, suggest priorities for protecting public health, and help identify 21 
research needs.  22 

1.1 Our Changing Climate   23 

1.1.1 Observed Climate Change 24 
The fact that the Earth has warmed over the last century is unequivocal. Multiple observations of 25 
air and ocean temperatures, sea level, and snow and ice have shown these changes to be 26 
unprecedented over decades to millennia. Human influence has been the dominant cause of this 27 
observed warming (IPCC 2013). The 2014 U.S. National Climate Assessment (NCA3) found 28 
that rising temperatures, the resulting increases in the frequency and/or intensity of some extreme 29 
weather events, rising sea levels, and melting snow and ice are already disrupting people’s lives 30 
and damaging some sectors of the U.S. economy (Melillo et al. 2014a).  31 

The concepts of climate and weather are often confused. Weather is the state of the atmosphere 32 
at any given time and place. Weather patterns vary greatly from year to year and from region to 33 
region. Familiar aspects of weather include temperature, precipitation, clouds, and wind that 34 
people experience throughout the course of a day. Severe weather conditions include hurricanes, 35 
tornadoes, blizzards, and droughts. Climate is the average weather conditions that persist over 36 
multiple decades or longer. While the weather can change in minutes or hours, identifying a 37 
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change in climate requires observations over a time period of decades to centuries or more. 1 
Climate change encompasses both increases and decreases in temperature, as well as shifts in 2 
precipitation, changing risk of certain types of severe weather events, and changes to other 3 
features of the climate system. 4 

Observed changes in climate and weather differ at local and regional scales (Figure 1). Some 5 
climate and weather changes already observed in the United States include (Melillo et al. 2014a; 6 
Walsh et al. 2014a): 7 

 U.S. average temperature has increased by 1.3°F to 1.9°F since record keeping began in 8 
1895; most of this increase has occurred since about 1970. The most recent decade was the 9 
nation’s warmest on record.  10 

 Average U.S. precipitation has increased since 1900, but some areas have experienced 11 
increases greater than the national average, and some areas have experienced decreases.  12 

 Heavy downpours are increasing nationally, especially over the last three to five decades. 13 
The largest increases are in the Midwest and Northeast, where floods have also been 14 
increasing. Figure 2 shows how the annual number of heavy downpours, defined as extreme 15 
two-day precipitation events, for the contiguous United States has increased, particularly 16 
between the 1950s and the 2000s.  17 

 Drought has increased in the West. Over the last decade, the Southwest has experienced the 18 
most persistent droughts on record (EPA 2014).  19 

 There have been changes in some other types of extreme weather events over the last several 20 
decades. Heat waves have become more frequent and intense, especially in the West. Cold 21 
waves have become less frequent and intense across the nation.  22 

 The intensity, frequency, and duration of North Atlantic hurricanes, as well as the frequency 23 
of the strongest (category 4 and 5) hurricanes, have all increased since the early 1980s. The 24 
relative contributions of human and natural causes to these increases remain uncertain.  25 

[Figure 1: Map of Observed Climate Changes in the United States] 26 

[Figure 2: Percent Changes in the Annual Number of Extreme Precipitation Events, United 27 
States 1900 to 2010] 28 

1.1.2 Projected Climate Change 29 
Projections of future climate conditions are based on results from climate models—sophisticated 30 
computer programs that simulate the behavior of the Earth’s climate system. These climate 31 
models are used to project how the climate system will change given possible scenarios 32 
describing future changes in greenhouse gas concentrations, land use, other human influences on 33 
climate, and natural factors. The most recent set of coordinated climate model simulations use a 34 
set of scenarios called Representative Concentration Pathways (RCPs), which describe four 35 
possible trends in greenhouse gas concentrations (IPCC 2013). Actual future greenhouse gas 36 
concentrations, and the resulting amount of future climate change, will still largely be 37 
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determined by choices society makes about emissions (Melillo et al. 2014a). The RCPs, and the 1 
temperature increases associated with these scenarios, are described in more detail in the 2 
Technical Support Document and in NCA3 (Walsh et al. 2014a; Walsh et al. 2014b; Melillo et 3 
al. 2014b).  4 

Some of the projected changes in climate in the United States as described in the NCA3 (Melillo 5 
et al. 2014a; Walsh et al. 2014a) are below:  6 

 Temperatures in the United States are expected to continue to rise. This temperature rise 7 
has not been, and will not be, uniform across the country or over time. (Figure 3 top 8 
panels) 9 

 Increases are also projected for extreme temperature conditions (Fig. 4 top panels).  10 

 More winter and spring precipitation is projected for the northern United States, and less 11 
for the Southwest, over this century (Fig 3 bottom panels). 12 

 Increases in the frequency and intensity of extreme precipitation events are projected for 13 
most U.S. areas (Fig 4 bottom panels). 14 

 Droughts in the Southwest and heat waves everywhere are projected to become more 15 
intense, and cold waves less intense everywhere.  16 

 Hurricane-associated storm intensity and rainfall rates are projected to increase as the 17 
climate continues to warm.   18 

[Figure 3: Projected Changes in Temperature and Precipitation] 19 

[Figure 4: Projected Changes in the Hottest/Coldest and Wettest/Driest Day of the Year] 20 

1.2 How Does Climate Change Affect Health? 21 
The influences of weather and climate on human health are significant and varied. They range 22 
from the clear threats of temperature extremes and severe storms to connections that may seem 23 
less obvious. For example, weather and climate affect the survival and movements of 24 
mosquitoes, ticks, and rodents that carry diseases like West Nile or Lyme disease. Climate and 25 
weather can also affect water quality in a particular area, with a range of health impacts. A useful 26 
approach to understand how climate change affects health is to consider specific exposure 27 
pathways and how they can lead to human disease. These exposure pathways and the exposures 28 
that directly lead to human disease, whether they take the form of heat waves, impaired air, water 29 
or food quality, infectious agents, or other stressors, affect different people and different 30 
communities to different degrees. While often assessed individually, exposure to multiple 31 
climate change threats can occur simultaneously with compounding or cascading health impacts. 32 
As discussed in more detail in Chapter 9, people’s vulnerability to the effects of climate and 33 
weather on health depends on three factors:  34 

 exposure to climate and weather threats; 35 

 sensitivity, or tendency to be affected by a given amount of exposure; and 36 



USGCRP Climate and Health Assessment  Chapter 1: Climate Change and Human Health 
Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  28   

 adaptive capacity, or the ability to avoid or reduce impacts  1 

These three vulnerability factors are associated with social and demographic factors, including 2 
level of wealth and education, as well as with other characteristics of people and places, such as 3 
the condition of infrastructure and extent of ecosystem degradation. For example, poverty can 4 
leave people more exposed to climate and weather threats, increase sensitivity because of 5 
associations with higher rates of illness and nutritional deficits, and limit people’s adaptive 6 
capacity. As another example, a city that has altered coastal ecosystems and inadequate water 7 
and wastewater infrastructure may place people at greater risk of health consequences from 8 
severe storms. People within that city who are poor or have underlying health conditions may 9 
have heightened vulnerability. Figure 5 demonstrates the interactions among climate drivers, 10 
health impacts, and these “non-climate” factors that influence people’s vulnerability to health 11 
impacts.  12 

[Figure 5: Climate Change and Health] 13 

With climate change, the frequency, severity, and even the location of weather and climate 14 
phenomena like rising temperatures, heavy rains and droughts, and some other kinds of severe 15 
weather are changing. This means that areas that already experience health-threatening weather 16 
and climate phenomena, such as severe heat or hurricanes, are likely to experience worsening 17 
impacts, such as higher temperatures and more severe storm surge and wind speeds. It also 18 
means that some areas will experience new climate-related health threats. For example, 19 
areas previously unaffected by toxic algal blooms or waterborne diseases because of cooler water 20 
temperatures may face these hazards in the future as increasing water temperatures allow the 21 
organisms that cause these health risks to thrive. Even areas that currently experience these 22 
health threats may see a shift in the timing of the seasons that pose the greatest risk to human 23 
health. 24 

Climate change can therefore affect human health in two main ways: first, by changing the 25 
severity or frequency of health problems that are already affected by climate and/or weather 26 
factors; and second, by creating unprecedented or unanticipated health problems or health threats 27 
in places where they have not previously occurred. Some of these unprecedented health problems 28 
may in fact be predictable, by understanding how climate change affects exposure. Some health 29 
problems, especially if due to extraordinary climate or weather phenomena and new stresses to 30 
human or natural systems, are harder to project.   31 

1.3 Our Changing Health 32 
In order to understand how climate change either exacerbates health conditions that are already 33 
affected by weather and climate, or creates unanticipated health problems by shifting the regions 34 
where they occur, assessments of climate change health impacts must start with what is known 35 
about current state and trends in a wide array of health conditions. In addition, because pre-36 
existing health conditions, people’s socioeconomic status, and life stage all contribute to people’s 37 
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vulnerability to climate and weather related health effects, assessments of climate change health 1 
impacts should be informed by future trends and projections in these factors. In cases where 2 
people’s health or socioeconomic status is getting worse, climate change may accentuate the 3 
health burdens associated with those worsening trends. Conversely, in cases where people’s 4 
health or socioeconomic status is improving, the effect of climate change may be too slow or 5 
reduce that improvement. Where the state of scientific understanding allows it, the inclusion of 6 
future trends in health and socioeconomic conditions into the modeling of climate change 7 
impacts of health can provide useful insights into these interactions between non-climate factors 8 
and climate change. 9 

1.3.1 Demographic and Socioeconomic Trends 10 
The United States is in the midst of several significant demographic changes: the population is 11 
aging, growing in number, becoming more ethnically diverse, and demonstrating greater 12 
disparities between the wealthy and the poor. Immigration is having a major influence on both 13 
the size and age distribution of the population (CRS 2011). Each of these demographic trends has 14 
implications for climate change related human health impacts (see Chapter 9: Populations of 15 
Concern). Some of these trends and projections are summarized below: 16 

Trends in population growth 17 

 The U.S. population has grown by approximately 103% since 1950.  18 
 The Census Bureau projects that the U.S. population will grow to almost 400 million by 19 

2050 (from estimates of about 320 million in 2014). (U.S. Census Bureau 2014a) 20 

Trends in the elderly population 21 

 The nation’s older adult population (ages 65 and older) will more than double in size 22 
from 2010 through 2050, from approximately 47.8 million to 88 million. Of those 88 23 
million older adults, a little under 19 million will be 85 years of age and older (U.S. 24 
Census Bureau 2014b).  25 

Trends in racial and ethnic diversity 26 

 As the United States becomes more diverse, the aggregate minority population is 27 
projected to become the majority by 2042 (Vincent and Velkoff 2010). The non-Hispanic 28 
white population will increase, but more slowly than other racial groups. Non-Hispanic 29 
whites are projected to become a minority by 2050 (Passel and Cohn 2008).  30 

 Projections for 2050 suggest that nearly 19% of the population will be immigrants, 31 
compared with 12% in 2005 (Passel and Cohn 2008). 32 

 Persons of Hispanic origin are projected to increase from 12.6% of the population in 33 
2000 to 30.2% in 2050 (Passel and Cohn 2008; NRC 2006).  34 

Trends in economic disparity 35 
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 Income inequality rose and then stabilized during the last 30 years, and is projected to 1 
continue to rise over the next 20 years, though at a somewhat slower overall rate (CBO 2 
2013). For example, the Gini coefficient, a measure of income inequality, is estimated to 3 
have risen by 18% between 1984 and 2000, and is projected to rise by 17% for all workers 4 
between 2009 and 2035 (CBO 2013).  5 

 America’s minorities have disproportionately higher poverty rates and lower income levels. 6 
In 2009, 25.8% of non-Hispanic blacks and 25.3% of Hispanics had incomes below the 7 
poverty level as compared to 9.4% of non-Hispanic whites and 12.5% of Asians. The median 8 
income level for a non-Hispanic black household was $33,000, or $19,000 lower than a non-9 
Hispanic white household (DOL 2013).  10 

Population growth and migration in the United States may place more people at risk of the health 11 
impacts of climate change, especially as more people are located in and around vulnerable areas, 12 
such as coastal zones; densely populated urban areas; low-lying, flood-prone regions; and, 13 
drought-stricken, wildfire-prone regions. Increases in racial and ethnic diversity and in the 14 
number of persons living near the poverty line may increase the risk of health impacts from 15 
climate change. Economic disparity can make it difficult for some populations to respond to 16 
emergent weather conditions, especially when evacuation is necessary or when the aftermath 17 
requires rebuilding of homes and businesses not covered by home or property insurance.  18 

1.3.2 Trends in Health Status  19 
As a nation, trends in the population’s health are mixed. Some major indicators of health, such as 20 
life expectancy, are consistently improving, while others, such as obesity and diabetes, are 21 
getting worse. Climate change impacts to human health will act on top of these underlying 22 
trends. Some of these underlying health conditions can increase sensitivity to climate change 23 
effects, such as heat waves and worsening air quality. Understanding the trends in these 24 
conditions is therefore important in considering how many people are likely to experience illness 25 
when exposed to these climate change effects. Potential climate change related health impacts 26 
may reduce the improvements that would otherwise be expected in some indicators of health 27 
status, and accentuate trends towards poorer health in other health indicators.  28 

Examples of health indicators that have been improving over the past decade include the 29 
following: 30 

 Between 2000 and 2010, life expectancy at birth increased from 76.8 to 78.7 years  (CDC 31 
2014a) 32 

 Between 2000 and 2010, death rates per 100,000 people from heart disease and cancer 33 
decreased from 257.6 to 179.1 and from 199.6 to 172.8, respectively  (CDC 2014c)  34 

 The percent of people over age 18 who say they smoke decreased from 23.2% to 18.1%. 35 
(CDC 2014a) 36 

At the same time, some health trends related to the presence of chronic diseases, ill health, and 37 
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disease risks have been getting worse. For example: 1 

 The percentage of adult Americans describing their health as “poor or fair” increased 2 
from 8.9% in 2000 to 10.3% in 2012 (CDC 2014a) 3 

 Over the same time frame, lifetime diagnoses of cancer increased among adults from 4 
5.0% to 6.2%, and among those older than 65 from 15.2% to 18.3% (CDC 2014a) 5 

 The percentage of people over the age of 20 who are obese increased from 30.3% in 6 
1999-2000 to 35.1% in 2011-2012 (CDC 2014a) 7 

Table 1 shows some examples of health conditions that are associated with increased risk from 8 
climate change related exposures (see Ch. 9: Populations of Concern for more details) and 9 
provides information on current status and future trends. 10 
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Table 1. Current estimates and future trends in chronic medical conditions that interact with the health risks associated with climate change. 

Medical Conditions   Current Estimates  Future Trends   Possible Influences of Climate Change   References 

ALZHEIMER'S 
DISEASE 

5.2 million Americans had Alzheimer's 
Disease in 2013. 

Prevalence of Alzheimer's is expected to triple to 
13.8 million by 2050. 

Persons with cognitive impairments are 
vulnerable to extreme weather events that 
require evacuation or other emergency 
responses. 

Hebert et al. 2013; 
Alzheimer’s Association 
2015 

ASTHMA  From 2008 to 2010, average asthma 
prevalence in the U.S. was higher in 
children (9.5%) than in adults (7.7%). 
Since the 1980s, the number and rate 
of asthma deaths and hospital 
admissions have declined. 

Stable incidence and increasing prevalence of 
asthma is projected in the U.S. in coming 
decades.  

Asthma is exacerbated by changes in pollen 
season and allergenicity and in exposures to 
air pollutants affected by changes in 
temperature, humidity, and wind. 

Akinbami et al. 2012; 
Moorman et al. 2012; 
CDC 2015b 

CHRONIC 
OBSTRUCTIVE 
PULMONARY 
DISEASE (COPD) 

In 2012, approximately 3% of adults 
had COPD. Deaths from chronic lung 
diseases increased by 50% from 1980 
to 2010.  

Chronic respiratory diseases are the 3rd leading 
cause of death and are expected to become some 
of the most costly illnesses in coming decades. 

COPD patients are more sensitive than the 
general population to changes in ambient air 
quality associated with climate change. 

Zhang et al. 2014; CDC 
2015c 

DIABETES  In 2012, approximately 9% of the U.S. 
population had diabetes. 

New diabetes cases will increase from about 8 
cases per 1,000 in 2008 to about 15 per 1,000 in 
2050. If recent increases continue, prevalence 
will increase to 33% of Americans by 2050.  

Diabetes increases sensitivity to heat stress; 
medication and dietary needs may increase 
vulnerability during and after extreme 
weather events. 

Boyle et al. 2010; CDC 
2014f; CDC 2014g  

CARDIOVASCULAR 
DISEASE 

Cardiovascular disease (CVD) is the 
leading cause of death in the U.S. 

By 2030, approximately 41% of the U.S. 
population is projected to have some form of 
CVD.  

Cardiovascular disease increases sensitivity to 
heat stress. 

Heidenriech et al. 2011; 
Roger et al. 2012 

MENTAL ILLNESS  Depression is the most common type 
of mental illness, with approximately 
7% of adults reporting a major episode 
in the past year. Lifetime prevalence is 
approximately twice as high for 
women as men. Lifetime prevalence is 
more than 15% for anxiety disorders 
and nearly 4% for bipolar disorder.  

By 2050, the total number of U.S. adults with 
depressive disorder is projected to increase by 
35%, from 33.9 million to 45.8 million, with those 
over age 65 having a 117% increase. 

Mental illness may impair responses to 
extreme events; certain medications increase 
sensitivity to heat stress. 

Druss et al. 2011; Heo et 
al. 2008 ; CDC  2013 

OBESITY  In 2009‐2010, approximately 35% of 
American adults were obese. 

By 2030, 51% of the U.S. population is expected 
to be obese. Projections suggest a 33% increase 
in obesity and a 130% increase in severe obesity.  

Obesity increases sensitivity to high ambient 
temperatures. 

Flegel et al. 2012; 
Finkelstein et al. 2012; 
Ogden et al. 2012. 
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FUNCTIONAL 
DISABILITIES 

Approximately 20% of U.S. adults have 
a disability. In 2009, the percent of 
American adults with a functional 
disability was approximately 13% for 
those age 18‐44, 25% for ages 45‐64, 
and 35% for persons 65 and older.  

Projections for older adults with activity 
limitations are expected to grow from 22 million 
in 2005 to 38 million in 2030.  

Persons with functional disabilities may find it 
hard to respond when evacuation is required 
and when there is no available means of 
transportation or easy egress from residences 

Hung et al. 2011; Iezzoni 
et al. 2014; CDC 2009 
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Health status is often related to demographics and socioeconomic status. Changes in the overall 1 
size of the population, racial and ethnic composition, and age distribution affect the health status 2 
of the population. Poverty, educational attainment, access to care, and discrimination all 3 
contribute to disparities in the incidence and prevalence of a variety of medical conditions. Some 4 
examples of these interactions include:  5 

Older Adults. In 2012, the percentage of adults ages 75 and older described as persons in 6 
fair or poor health totaled 26.6%, as compared to 6.4% for adults age 18 to 44. Among 7 
adults ages 65 and older, the number in nursing homes or other residential care facilities 8 
totaled 1.3 million in 2012, with another 1 million utilizing home health care (CDC 9 
2015a).  10 

Children. In 2012, the current prevalence of asthma among children was 8.9%. Rates for 11 
black (14.5%) and multirace (13.1%) children were higher than the rate for white (7.9%) 12 
children (CDC 2014b). In another study from 2009, rates of asthma were also higher in 13 
poor children compared to all children (13.5% vs. 9.6%) (CDC 2011). 14 

Non-Hispanic Blacks. In 2012, the percentage of non-Hispanic blacks of all ages who 15 
were described as persons in fair or poor health totaled 15% as compared to 8.9% for 16 
whites. Health risk factors for this population include high rates of smoking, obesity, and 17 
hypertension in adults, as well as high infant death rates (CDC 2015a).  18 

Hispanics. The percentage of Hispanics of all ages who were described as persons in fair 19 
or poor health totaled 13.3% in 2012. Health risk factors for this population include 20 
moderately higher rates of smoking in adults, low birth weights, and infant deaths (CDC 21 
2015a).   22 

To the extent that these kinds of health disparities exist among certain groups of people, the 23 
impacts of climate change may worsen these health disparities by exacerbating some of the 24 
underlying conditions creating the disparities. For example, disparities in life expectancy may 25 
be exacerbated by the effects of climate change related heat and air pollution on minority 26 
populations with higher rates of hypertension, smoking, and diabetes. 27 

1.4 Quantifying Health Impacts 28 
In general, the future health burdens associated with any given environmental exposure can be 29 
estimated by multiplying three values: 1) the baseline prevalence of the health impact, 2) the 30 
expected change in exposure, and 3) the exposure response function. An exposure response 31 
function is an estimate of how the risk of a health impact changes with changes in exposures. For 32 
example, an exposure response function would try to quantify the increase in heat-related deaths 33 
in a region (the change in health impact) for every 1°F increase in daily ambient temperature (the 34 
change in exposure). 35 
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Future Rate of 
Health Impact 

= 
Background Rate 
of Health Impact 

× 
Expected 
Change in 
Exposure 

× 
Exposure Response 

(change in health impact 
for change in exposure) 

The ability to quantify climate change health impacts is dependent on the availability of data on 1 
the baseline prevalence of the health impact, the ability to characterize the future changes in the 2 
types of exposures relevant to that health impact, and how well the relationship between these 3 
exposures and health impacts is understood (for more details, see the Exposure-Response section 4 
in the Technical Support Document). Data on the rates of health conditions are obtained through 5 
a complicated system of state- and city-level surveillance programs, national health surveys, and 6 
national collection of data on hospitalizations, emergency room visits, and deaths. Data on the 7 
occurrence of a number of infectious diseases are captured through the National Notifiable 8 
Diseases Surveillance System (CDC 2014d).  This system relies first on the mandatory reporting 9 
of specific diseases by health care providers to state, local, territorial and tribal health 10 
departments. These reporting jurisdictions then have the option of voluntarily providing the 11 
Centers for Disease Control and Prevention (CDC) with data on a set of nationally notifiable 12 
diseases. Because of challenges with getting health care providers to confirm and report specific 13 
diagnoses of reportable diseases in their patients, and the lack of requirements for reporting a 14 
consistent set of diseases and forwarding data to CDC, data on infectious disease incidence are 15 
generally believed to be underreported and actual incidence rates are uncertain. 16 

Characterizing certain types of climate change related exposures can be a challenge. Exposures 17 
can consist of temperature changes and other weather conditions, inhaling air pollutants and 18 
pollens, consuming unsafe food supplies or contaminated water, or experiencing trauma from 19 
weather disasters. For some health impacts, the ability to understand the relationships between 20 
climate related exposures and health impacts is limited by these difficulties characterizing 21 
exposures and/or obtaining accurate data on the occurrence of illnesses. For these health impacts, 22 
scientists may not have the capability to project changes in a health outcome (like incidence of 23 
diseases), and can only estimate how risks of exposure will change. For example, modeling 24 
capabilities allow projections of the impact of rising water temperatures on the concentration of 25 
Vibrio bacteria, which provides an understanding of geographic changes in exposure but does not 26 
capture how people may be exposed and how many will actually become sick (see Ch. 5: Water-27 
Related Illness). Nonetheless, the ability to project changes in exposure or in intermediate 28 
determinants of health impacts may improve understanding of the change in health risks, even if 29 
modeling quantitative changes in health impacts is not possible. For example, seasonal 30 
temperature and precipitation projections may be combined to assess future changes in ambient 31 
pollen concentrations (the exposure that creates risk), even though the potential associated 32 
increase in respiratory and allergic diseases (the health impacts) cannot be directly modeled (see 33 
Ch. 3: Air Quality Impacts).  34 

 35 
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1.4.1 Modeling Approaches Used in this Report 1 
Four chapters within this assessment—Temperature-Related Death and Illness, Air Quality 2 
Impacts, Vectorborne Disease, and Water-Related Illness—include new peer reviewed, 3 
quantitative analyses based on modeling. The analyses highlighted in these chapters use the 4 
results of the Coupled Model Intercomparison Project Phase 5 (CMIP5) as one of their common 5 
climate inputs. Due to limited data availability and computational resources and the need for 6 
coherency of results, each of the studies highlighted in the four chapters analyzed only a subset 7 
of the full CMIP5 dataset. The air quality analysis was limited to two model-scenario examples. 8 
At the other extreme, the waterborne analyses examined results from 21 of the CMIP5 models, 9 
though only for one scenario. In order to facilitate comparisons across chapters, all of the 10 
modeling groups performed at least one analysis with the same RCP scenario (RCP6.0). 11 

Where changes in population were considered, population trends were based on IPCC Special 12 
Report on Emissions Scenarios (SRES) scenarios A1B and B2 (IPCC 2000) as generated by the 13 
Integrated Climate and Land Use Scenarios ICLUS model (EPA 2009). The A1B and B2 SRES 14 
scenarios were chosen because they produced radiative forcing pathways closest to that of 15 
RCP6.0.  16 

Adverse health effects attributed to climate change can have many economic and social 17 
consequences, including direct medical costs, work loss, increased costs of chores and care 18 
giving, pain, suffering, and other limitations on everyday activities. Though economic impacts 19 
are a crucial component to understanding risk from climate change, and may have important 20 
direct and secondary impacts on human health and well-being by reducing resources available 21 
for other preventative health measures, economic valuation of the health impacts associated with 22 
climate change is beyond the scope of this report.  23 

1.4.2  Uncertainty in Health Impact Assessments 24 
Uncertainty in assessing the health impacts of climate change can be divided into three main 25 
areas: 26 

 Uncertainty in future climate change and related changes in exposures to health threats.  27 

 Uncertainty in future rates of health conditions and other social determinants of health 28 
that influence vulnerability and resilience.  29 

 Uncertainty in the relationship between exposures and health outcomes (exposure 30 
response function).    31 

Two key reasons for uncertainty in projecting future global temperatures are uncertainty about 32 
how much warming will occur for a given increase in greenhouse gas concentrations and what 33 
future concentrations of greenhouse gases will be. The most recent IPCC assessment found that 34 
the most likely response of the climate system to a doubling of carbon dioxide concentrations 35 
lies between a 1.5  and 4.5  (2.7°F to 8.1°F) increase in global average temperature (IPCC 36 
2013). Future concentrations depend on both future emissions and how long these emissions 37 
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remain in the atmosphere (which can vary depending on how natural systems process those 1 
emissions). To capture these uncertainties, climate modelers often use multiple models, analyze 2 
multiple scenarios, and conduct sensitivity analyses in order to assess the significance of these 3 
uncertainties. 4 

Uncertainty in current and future estimates of health or socioeconomic status is related to several 5 
factors. In general, estimates are more uncertain for less prevalent health conditions (such as rare 6 
cancers versus cardiovascular disease), smaller subpopulations (such as Hispanic subpopulations 7 
versus white adults), smaller geographic areas (such as census tracts versus states or national 8 
scale), and time periods further into the future. Most current estimates of disease prevalence or 9 
socioeconomic status have uncertainty expressed as standard errors or confidence intervals that 10 
are derived from sampling methods and sample sizes. When modeling health impacts using data 11 
on health prevalence or socioeconomic status, these measures of uncertainty are typically 12 
included in the analysis to help establish a range of plausible results. Expert judgment is typically 13 
used to assess the net effects of uncertainty from estimates of health or socioeconomic status 14 
when assessing the scientific literature. 15 

The factors related to uncertainty in exposure response functions are similar to those for the 16 
projections of health or socioeconomic status. Estimates are more uncertain for smaller 17 
subpopulations, less prevalent health conditions, and smaller geographic areas. Because these 18 
estimates are based on observations of real populations, their validity when applied to 19 
populations in the future is more uncertain the farther into the future the application occurs. 20 
Uncertainty in the estimates of the exposure-outcome relationship also comes from factors 21 
related to the scientific quality of relevant studies. Appropriateness of methods, source of data, 22 
size of study populations, and other factors all affect any given study’s internal validity (for 23 
example, whether the conclusions are correct for the population studied) and external validity 24 
(for example, whether the conclusions are applicable for populations other than the study 25 
population). Expert judgment is used to evaluate the validity of an individual study as well as the 26 
collected group of relevant studies in assessing uncertainty in estimates of exposure-outcome 27 
relationships. 28 

1.4.3 Approach to Quantifying Uncertainty in this Report 29 
Despite these sources of uncertainty, the current state of the science allows an examination of 30 
likely direction and trends of the health impacts of climate change. Over the past ten years, the 31 
models used for climate and health assessments have become more useful and more accurate. 32 
This assessment builds on that improved capability. A more detailed discussion of the 33 
approaches to addressing uncertainty from the various sources can be found in the Technical 34 
Support Document. 35 

Two kinds of language are used when describing the uncertainty associated with specific 36 
statements in this report: confidence language for qualitative statements, and likelihood language 37 
for quantitative statements. Likelihood is a term that allows a quantitative estimate of uncertainty 38 
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to be associated with a quantitative statement. Both types of language involve the expert 1 
assessment of the chapter author teams.   2 

The author teams determine the appropriate level of confidence or likelihood by assessing the 3 
available literature, determining the quality and quantity of available evidence, and evaluating 4 
the level of agreement across different studies. Often, the underlying studies will provide their 5 
own estimates of uncertainty and confidence intervals. When available, these confidence 6 
intervals are used by the chapter authors in making their own expert judgments. 7 

Qualitative confidence statements range from low (inconclusive evidence or disagreement 8 
among experts) to very high (strong evidence and high consensus). The number of sources, the 9 
level of agreement between the sources, and the quality of the sources are the key attributes that 10 
the chapter authors examine. Similarly, for quantitative statements, a likelihood scale is used, 11 
ranging from very unlikely (less than a 1 in 10 chance of the outcome occurring) to very likely 12 
(greater than a 9 in 10 chance). 13 

Likelihood Descriptor 
Very 

Likely 
Likely 

As Likely 
as Not 

Unlikely 
Very 

Unlikely 

Numerical Meaning >9 in 10 >2 in 3 >1 in 2 <1 in 3 <1 in 10 

  14 



USGCRP Climate and Health Assessment  Chapter 1: Climate Change and Human Health 
Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  39   

1.5 References 1 
Akinbami, L. J., J. E. Moorman, C. Bailey, H. S. Zahran, M. King, C. A. Johnson, and X. Liu, 2 

2012: Trends in Asthma Prevalence, Health Care Use, and Mortality in the United States, 3 
2001–2010. NCHS Data Brief. No. 94, May 2012. National Center for Health Statistics, 4 
Hyattsville, MD. [Available online at http://www.cdc.gov/nchs/data/databriefs/db94.pdf] 5 

Alzheimer's Association, cited 2015: Alzheimer's Facts and Figures: Quick Facts. [Available 6 
online at http://www.alz.org/alzheimers_disease_facts_and_figures.asp#quickFacts] 7 

Boyle, J. P., T. J. Thompson, E. W. Gregg, L. E. Barker, and D. F. Williamson, 2010: Projection 8 
of the year 2050 burden of diabetes in the US adult population: dynamic modeling of 9 
incidence, mortality, and prediabetes prevalence. Population Health Metrics, 8, 29, 10 
doi:10.1186/1478-7954-8-29.  11 

CBO, 2013: Modeling Individual Earnings in CBO’s Long-term Microsimulation Model. 12 
Working Paper 2013-04. Government Printing Office, Washington, DC. [Available online at 13 
http://www.cbo.gov/sites/default/files/cbofiles/attachments/44306_CBOLT.pdf] 14 

CCSP, 2008: Analyses of the Effects of Global Change on Human Health and Welfare and 15 
Human Systems. A report by the U.S. Climate Change Science Program and the 16 
Subcommittee on Global Change Research. J. L. Gamble, K. L. Ebi, A. E. Grambsch, F. G. 17 
Sussman, and T. J. Wilbanks, Eds. U.S. Climate Change Science Program, U.S. 18 
Environmental Protection Agency. [Available online at http://library.globalchange.gov/sap-4-19 
6-analyses-of-the-effects-of-global-change-on-human-health-and-welfare-and-human-20 
systems] 21 

CDC, 2009: Behavioral Risk Factor Survillance System: How many people have disabilities?, 2 22 
pp., Centers for Disease Control and Prevention. [Available online at 23 
http://www.cdc.gov/ncbddd/documents/Disability%20tip%20sheet%20_PHPa_1.pdf] 24 

CDC, cited 2013: Burden of Mental Illness. Centers for Disease Control and Prevention. 25 
[Available online at http://www.cdc.gov/mentalhealth/basics/burden.htm] 26 

CDC, 2014a: Health, United States, 2013--At a Glance. Centers for Disease Control and 27 
Prevention. [Available online at http://www.cdc.gov/nchs/hus/at_a_glance.htm] 28 

CDC, 2014b: Child Asthma Data:  BRFSS Prevalence Tables. Centers for Disease Control and 29 
Prevention. [Available online at http://www.cdc.gov/asthma/brfss/2012/brfsschilddata.htm] 30 

CDC, cited 2014c: Prepare for diabetes care in heat and emergencies. Centers for Disease 31 
Control and Prevention. [Available online at 32 
http://www.cdc.gov/features/DiabetesHeatTravel/] 33 

CDC, 2014d: National Notifiable Disease Surveillance System, Centers for Disease Control and 34 
Prevention. [Available online at http://wwwn.cdc.gov/nndss/script/DataCollection.aspx] 35 



USGCRP Climate and Health Assessment  Chapter 1: Climate Change and Human Health 
Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  40   

CDC, cited 2015a: Faststats. Centers for Disease Control and Prevention. [Available online at 1 
http://www.cdc.gov/nchs/fastats/] 2 

CDC, cited 2015b: Data, Statistics, and Surveillance: Asthma Surveillance Data. Centers for 3 
Disease Control and Prevention. [Available online at 4 
http://www.cdc.gov/asthma/asthmadata.htm] 5 

CDC, cited 2015c: Chronic Obstructive Pulmonary Disease (COPD): What is COPD? Centers 6 
for Disease Control and Prevention. [Available online at http://www.cdc.gov/copd/] 7 

CRS, 2011: The Changing Demographic Profile of the United States. L. B. Shrestha, and E. J. 8 
Heisler, Eds., 32 pp., Congressional Research Service. [Available online at 9 
http://fas.org/sgp/crs/misc/RL32701.pdf] 10 

DOL: Futurework Workforce. U.S. Department of Labor. [Available online at 11 
http://www.dol.gov/oasam/programs/history/herman/reports/futurework/report/pdf/ch1.pdf] 12 

Druss, B. G., L. Zhao, S. Von Esenwein, E. H. Morrato, and S. C. Marcus, 2011: Understanding 13 
Excess Mortality in Persons With Mental Illness. Medical Care, 49, 599-604, 14 
doi:10.1097/MLR.0b013e31820bf86e.  15 

EPA, 2009: Land-Use Scenarios: National-Scale Housing-Density Scenarios Consistent with 16 
Climate Change Storylines (Final Report). EPA/600/R-08/076F, 137 pp., Global Change 17 
Research Program, National Center for Environmental Assessment, U.S. Environmental 18 
Protection Agency, Washington D.C. [Available online at 19 
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=203458] 20 

EPA, 2014: Climate Change Indicators in the United States, 3rd Edition, 84 pp., U.S. 21 
Environmental Protection Agency, Washington, D.C. [Available online at 22 
http://www.epa.gov/climatechange/pdfs/climateindicators-full-2014.pdf] 23 

Finkelstein, E. A., O. A. Khavjou, H. Thompson, J. G. Trogdon, L. Pan, B. Sherry, and W. Dietz, 24 
2012: Obesity and Severe Obesity Forecasts Through 2030. American Journal of Preventive 25 
Medicine, 42, 563-570, doi:10.1016/j.amepre.2011.10.026.  26 

Flegal, K. M., M. D. Carroll, B. K. Kit, and C. L. Ogden, 2012: Prevalence of Obesity and 27 
Trends in the Distribution of Body Mass Index Among US Adults, 1999-2010. JAMA, 307, 28 
491, doi:10.1001/jama.2012.39.  29 

Hebert, L. E., J. Weuve, P. A. Scherr, and D. A. Evans, 2013: Alzheimer disease in the United 30 
States (2010-2050) estimated using the 2010 census. Neurology, 80, 1778-1783, 31 
doi:10.1212/WNL.0b013e31828726f5.  32 

Heidenreich, P. A., J. G. Trogdon, O. A. Khavjou, J. Butler, K. Dracup, M. D. Ezekowitz, E. A. 33 
Finkelstein, Y. Hong, S. C. Johnston, A. Khera, D. M. Lloyd-Jones, S. A. Nelson, G. Nichol, 34 
D. Orenstein, P. W. F. Wilson, and Y. J. Woo, 2011: Forecasting the Future of Cardiovascular 35 



USGCRP Climate and Health Assessment  Chapter 1: Climate Change and Human Health 
Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  41   

Disease in the United States: A Policy Statement From the American Heart Association. 1 
Circulation, 123, 933-944, doi:10.1161/CIR.0b013e31820a55f5.  2 

Heo, M., C. F. Murphy, K. R. Fontaine, M. L. Bruce, and G. S. Alexopoulos, 2008: Population 3 
projection of US adults with lifetime experience of depressive disorder by age and sex from 4 
year 2005 to 2050. Int J Geriatr Psychiatry, 23, 1266-70, doi:10.1002/gps.2061.  5 

Hung, W. W., J. S. Ross, K. S. Boockvar, and A. L. Siu, 2011: Recent Trends in Chronic 6 
Disease, Impairment and Disability Among Older Adults in the United States. BMC 7 
Geriatrics, 11, 47, doi:10.1186/1471-2318-11-47.  8 

Iezzoni, L. I., S. G. Kurtz, and S. R. Rao, 2014: Trends in U.S. adult chronic disability rates over 9 
time. Disability and Health Journal, 7, 402-412, doi:10.1016/j.dhjo.2014.05.007.  10 

IPCC, 2000: Special Report on Emissions Scenarios. A Special Report of Working Group III of 11 
the Intergovernmental Panel on Climate Change. Cambridge University Press, 570 pp. 12 
[Available online at http://www.ipcc.ch/ipccreports/sres/emission/index.php?idp=0] 13 

IPCC, 2013: Climate Change 2013: The Physical Science Basis. Contribution of Working Group 14 
I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. T. F. 15 
Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. 16 
Bex, and P. M. Midgley, Eds. Cambridge University Press, 1535 pp. [Available online at 17 
www.climatechange2013.org] 18 

Luber, G., K. Knowlton, J. Balbus, H. Frumkin, M. Hayden, J. Hess, M. McGeehin, N. Sheats, 19 
L. Backer, C. B. Beard, K. L. Ebi, E. Maibach, R. S. Ostfeld, C. Wiedinmyer, E. Zielinski-20 
Gutiérrez, and L. Ziska, 2014: Ch. 9: Human Health. Climate Change Impacts in the United 21 
States: The Third National Climate Assessment, J. M. Melillo, Terese (T.C.) Richmond, and 22 
G. W. Yohe, Eds., U.S. Global Change Research Program, 220-256. [Available online at 23 
http://nca2014.globalchange.gov/report/sectors/human-health] 24 

Melillo, J. M., Terese (T.C.) Richmond, and G. W. Yohe, Eds., 2014a: Climate Change Impacts 25 
in the United States: The Third National Climate Assessment. U.S. Global Change Research 26 
Program, 842 pp. [Available online at http://nca2014.globalchange.gov] 27 

Melillo, J. M., Terese (T.C.) Richmond, and G. W. Yohe, 2014b: Appendix 5: Scenarios and 28 
Models. Climate Change Impacts in the United States: The Third National Climate 29 
Assessment, U.S. Global Change Research Program, 821-825. [Available online at 30 
http://nca2014.globalchange.gov] 31 

Moorman, J. E., L. J. Akinbami, C. M. Bailey, H. S. Zahran, M. E. King, C. A. Johnson, and X. 32 
Liu, 2012: National surveillance of asthma: United States, 2001-2010. Vital Health Stat 3, 1-33 
67. [Available online at http://www.ncbi.nlm.nih.gov/pubmed/24252609] 34 

NRC, 2006: Hispanics and the Future of America. National Research Council. The National 35 
Academies Press, 502 pp. [Available online at http://www.nap.edu/catalog/11539/hispanics-36 
and-the-future-of-america] 37 



USGCRP Climate and Health Assessment  Chapter 1: Climate Change and Human Health 
Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  42   

Ogden, C. L., M. D. Carroll, B. K. Kit, and K. M. Flegal, 2012: Prevalence of Obesity and 1 
Trends in Body Mass Index Among US Children and Adolescents, 1999-2010. JAMA, 307, 2 
483-490, doi:10.1001/jama.2012.40.  3 

Passel, J. S., and D. Cohen, 2008: U.S. Population Projections:  2005-2050. Washington, D.C. 4 
[Available online at http://www.pewhispanic.org/files/reports/85.pdf] 5 

Roger, V. L., A. S. Go, D. M. Lloyd-Jones, E. J. Benjamin, J. D. Berry, W. B. Borden, D. M. 6 
Bravata, S. Dai, E. S. Ford, C. S. Fox, H. J. Fullerton, C. Gillespie, S. M. Hailpern, J. A. Heit, 7 
V. J. Howard, B. M. Kissela, S. J. Kittner, D. T. Lackland, J. H. Lichtman, L. D. Lisabeth, D. 8 
M. Makuc, G. M. Marcus, A. Marelli, D. B. Matchar, C. S. Moy, D. Mozaffarian, M. E. 9 
Mussolino, G. Nichol, N. P. Paynter, E. Z. Soliman, P. D. Sorlie, N. Sotoodehnia, T. N. 10 
Turan, S. S. Virani, N. D. Wong, D. Woo, and M. B. Turner, 2012: Heart disease and stroke 11 
statistics--2012 update: a report from the American Heart Association. Circulation, 125, e2-12 
e220, doi:10.1161/CIR.0b013e31823ac046.  13 

U.S. Census Bureau, cited 2014a: Table 1. Projections of the Population and Components of 14 
Change for the United States: 2015 to 2060 (NP2014-T1). U.S. Department of Commerce. 15 
[Available online at 16 
http://www.census.gov/population/projections/data/national/2014/summarytables.html] 17 

U.S. Census Bureau, cited 2014b: Table 9. Projections of the Population and Components of 18 
Change for the United States: 2015 to 2060 (NP2014-T1). U.S. Department of Commerce. 19 
[Available online at 20 
http://www.census.gov/population/projections/data/national/2014/summarytables.html] 21 

Vincent, G. K., and V. A. Velkof, 2010: The Next Four Decades, The Older Population in the 22 
United States: 2010 to 2050. Current Population Estimates and Projections P25-1138, 16 pp., 23 
U.S. Census Bureau, Washington, D.C. [Available online at 24 
http://www.census.gov/prod/2010pubs/p25-1138.pdf] 25 

Walsh, J., D. Wuebbles, K. Hayhoe, J. Kossin, K. Kunkel, G. Stephens, P. Thorne, R. Vose, M. 26 
Wehner, J. Willis, D. Anderson, S. Doney, R. Feely, P. Hennon, V. Kharin, T. Knutson, F. 27 
Landerer, T. Lenton, J. Kennedy, and R. Somerville, 2014a: Ch. 2: Our Changing Climate. 28 
Climate Change Impacts in the United States: The Third National Climate Assessment, J. M. 29 
Melillo, Terese (T.C.) Richmond, and G. W. Yohe, Eds., U.S. Global Change Research 30 
Program, 19-67. [Available online at http://nca2014.globalchange.gov/report/our-changing-31 
climate/introduction] 32 

Walsh, J., D. Wuebbles, K. Hayhoe, J. Kossin, K. Kunkel, G. Stephens, P. Thorne, R. Vose, M. 33 
Wehner, J. Willis, D. Anderson, V. Kharin, T. Knutson, F. Landerer, T. Lenton, J. Kennedy, 34 
and R. Somerville, 2014b: Appendix 3: Climate Science Supplement. Climate Change 35 
Impacts in the United States: The Third National Climate Assessment, J. M. Melillo, Terese 36 
(T.C.) Richmond, and G. W. Yohe, Eds., U.S. Global Change Research Program, 735-789. 37 
[Available online at http://nca2014.globalchange.gov] 38 



USGCRP Climate and Health Assessment  Chapter 1: Climate Change and Human Health 
Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  43   

Zhang, X., J. B. Holt, H. Lu, A. G. Wheaton, E. S. Ford, K. J. Greenlund, and J. B. Croft, 2014: 1 
Multilevel Regression and Poststratification for Small-Area Estimation of Population Health 2 
Outcomes: A Case Study of Chronic Obstructive Pulmonary Disease Prevalence Using the 3 
Behavioral Risk Factor Surveillance System. American Journal of Epidemiology, 179, 1025-4 
1033, doi:10.1093/aje/kwu018.  5 

 6 

  7 



USGCRP Climate and Health Assessment  Chapter 1: Climate Change and Human Health 
Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  44   

1.6 Figures 1 

Figure 1. Major U.S. Climate Trends 2 

 3 

Caption: Major U.S. national and regional climate trends identified in the Third National 4 
Climate Assessment (Melillo et al., 2014a).  5 
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Figure 2. Percent Changes in the Annual Number of Extreme Precipitation Events 1 

 2 

Caption: Time series of decadal averages of the number of extreme 2-day duration 3 
precipitation events, averaged over the United States from 1900 to 2010. The number is 4 
expressed as the percent difference from the average for the entire period. This is based 5 
on 726 stations that have precipitation data for at least 90% of the days in the period. An 6 
event is considered extreme if the precipitation amount exceeds a threshold for a once-7 
per-year recurrence. (Figure source: NOAA NCDC / CICS-NC)  8 

 9 

  10 
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Figure 3. Projected Changes in Temperature and Precipitation by Mid-Century 1 

 2 

Caption: Projected changes in temperature (top) and precipitation (bottom) for 2021-3 
2050 (left) and 2041-2070 (right) with respect to the average for 1971-2000 for the 4 
RCP6.0 scenario. The scenario named RCP6.0 (so named because the radiative forcing 5 
value in the year 2100 is +6.0 Watts per square meter above pre-industrial levels) projects 6 
an average temperature increase of 5.2°F in 2100 over the 1901-1960 global average 7 
temperature. Temperature increases in the United States for this scenario (Fig. 3 top 8 
panels) are in the 2°F to 3°F range for 2021 to 2050 and 2°F to 4°F for 2041 to 2070. 9 
This means that the increase in temperature projected in the United States over the next 10 
50 years under this scenario would be larger than the 1°F to 2°F increase in temperature 11 
that has already been observed over the previous century. Precipitation is projected to 12 
decrease slightly in the Southwest and increase in the Northeast (bottom panels). 13 
However, these projected changes are only statistically significant (that is, are likely to 14 
reflect an actual trend, not random variations) in small portions of the Northeast, as 15 
indicated by the hatching. (Figure source: NOAA NCDC / CICS-NC)  16 

  17 
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Figure 4. Projected Changes in the Hottest/Coldest and Wettest/Driest Day of the Year  1 

 2 

Caption: Projected changes in several climate variables for 2046-2065 with respect to 3 
the 1981-2000 average for the RCP6.0 scenario. These include the coldest night of the 4 
year (top left), hottest day of the year (top right). By the middle of this century, the 5 
warmest day of the year is projected to be 4°F to 6°F warmer in most areas. The coldest 6 
night of the year is projected to warm by 6°F to 10°F over most of the country, with 7 
slightly smaller changes in the south. Also shown above are projections of the wettest day 8 
of the year (lower left) and the annual longest consecutive dry day spell (lower right). 9 
Extreme precipitation is projected to increase, with an average of 5% to 15% change in 10 
the precipitation falling on the wettest day of the year. The length of the annual longest 11 
dry spell is projected to increase in most areas, but these changes are small: less than two 12 
days in most areas. (Figure source: NOAA NCDC / CICS-NC)  13 

 14 
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Figure 5. Climate Change and Health 1 

 2 

Caption: Conceptual diagram illustrating the exposure pathways by which climate 3 
change affects human health. The central blue pathway includes selected examples of 4 
climate drivers—the pathways by which humans are exposed to health threats from those 5 
drivers, and the resulting health outcomes. The orange path on the left indicates examples 6 
of environmental and biological conditions not necessarily driven by climate change that 7 
can affect human vulnerability to health impacts of climate change. The green path on the 8 
right indicates social determinants of health that also affect human vulnerability to health 9 
impacts of climate change. The diagram also shows that climate drivers can affect health 10 
outcomes by influencing the state of non-climate stressors and social determinants of 11 
health. 12 
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2.1 Key Findings 1 

Future Increases in Temperature-Related Deaths  2 

Key Finding 1: Future climate warming could lead to thousands to tens of thousands of 3 
additional deaths each year from heat in the summer, as calculated by extrapolating statistical 4 
relationships and without considering potential adaptive changes [Very Likely, High Confidence]. 5 
Climate warming will also lead to a decrease in deaths from cold in the winter [Very Likely, 6 
Medium Confidence], but this reduction in deaths is projected to be smaller than the increase in 7 
summertime heat-related deaths in most regions [Likely, Medium Confidence].  8 

Illness and Deaths Are Related to Deviations From Seasonal Average  9 

Key Finding 2: Days that are hotter than normal in the summer or colder than normal in the 10 
winter are both associated with increased illness and death. While large health effects are 11 
observed for extreme temperature events, mortality effects are also seen for smaller deviations of 12 
even a few degrees from seasonal averages, and small deviations from average temperature occur 13 
much more frequently than extreme events. Due to climate change, more hot days and fewer cold 14 
days are expected in the future. [Very Likely, High Confidence]  15 

Changing Tolerance to Extreme Heat 16 

Key Finding 3: An increase in population tolerance to extreme heat [Very Likely, High 17 
Confidence], but not extreme cold, has been observed over time. This could be related to 18 
increased use of air conditioning, improved social responses, and/or physiological acclimitization 19 
[Likely, Medium Confidence]. Including this adaptation trend in human health projections will 20 
reduce but not eliminate the increase in future deaths from heat [Likely, Low Confidence].  21 

Some Populations at Greater Risk 22 

Key Finding 4: Elderly persons and people working outdoors have a higher risk of dying due to 23 
increasing frequency, intensity, and duration of future heat and heat waves. Children and 24 
working age adults have increased vulnerability to heat-related illness. The socially isolated, 25 
economically disadvantaged, some communities of color, and those with chronic illnesses are 26 
also especially vulnerable to death or illness. [High Confidence] 27 

2.2 Introduction 28 
Days that are hotter than normal in the summer or colder than normal in the winter both cause 29 
increased levels of illness and death by compromising the body’s ability to regulate its 30 
temperature or by inducing direct or indirect cardiac complications. Figure 1 provides a 31 
conceptual model of the various climate drivers and additional social factors and non-climate 32 
stressors that can interact to result in changes in illness and deaths as a result of extreme heat. 33 
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Increasing concentrations of greenhouse gases lead to a warming of both average and extreme 1 
temperatures, leading to an increase in deaths and illness from heat and a potential decrease in 2 
deaths from cold. The quantification of the relationship between temperatures and deaths is 3 
generally based on historical data on heat waves and deaths. Challenges involved in determining 4 
this relationship include a lack of consistent diagnoses in death certificates, which can be 5 
partially addressed through use of statistical methods, and the fact that the health implications of 6 
extreme temperatures are not absolute, differing from location to location and changing over 7 
time. Climate model projections of future temperatures can be combined with these historically 8 
determined relationships in order to determine how deaths and illnesses resulting from extreme 9 
temperatures could change in the future. Deaths and illnesses are expected to increase as the 10 
climate warms, and a number of populations, such as children, the elderly, and disadvantaged 11 
groups, are expected to be especially vulnerable to these changes. 12 

[Figure 1. Climate Change and Health—Extreme Heat] 13 

2.3 Contribution of Extreme Temperatures to Death and Illness 14 
Temperature extremes most directly affect health by compromising the body’s ability to regulate 15 
its internal temperature. Loss of internal temperature control can result in a cascade of illnesses, 16 
including heat cramps, heat exhaustion, heatstroke, and hyperthermia in the presence of extreme 17 
heat, and hypothermia and frostbite in the presence of extreme cold. Temperature extremes can 18 
also worsen chronic conditions such as cardiovascular disease, respiratory disease, 19 
cerebrovascular disease, and diabetes-related conditions. Prolonged exposure to high 20 
temperatures is associated with increased hospital admissions for cardiovascular, kidney, and 21 
respiratory disorders. For example, high minimum temperatures may reduce the ability of the 22 
human body to recover from high daily temperatures. Extreme temperatures can increase deaths 23 
associated with heat and cold-related illness (Luber et al. 2014). 24 

2.4 Defining Temperature Exposures 25 
Extreme temperatures are typically defined by some measure, for example an ambient 26 
temperature, or heat index (a combination of temperature and humidity), or wind chill (a 27 
combination of temperature and wind speed), exceeding predefined thresholds over a number of 28 
days (Lin et al. 2009; Barnett et al. 2012; Lippman et al. 2013; Smith et al. 2013; Gronlund et al. 29 
2014; Lavigne et al. 2014). Extremes can be defined by average daily temperature, by nighttime 30 
temperatures, or by daytime temperatures (see Ch. 7: Extreme Weather). However, there is no 31 
standard method for defining a heat wave or cold wave, in part because there are dramatic 32 
differences in the relationship observed between temperature and death and illness between 33 
different regions and across seasons, related to the average temperatures in those locations and 34 
the timing in season. For example, a 95°F day in Vermont will have different implications for 35 
health than a 95°F day in Texas, and similarly, a 95°F day in May will have different 36 
implications than one in August (Medina-Ramon and Schwartz 2007; Anderson and Bell 2011; 37 
Guo et al. 2012) (this is further discussed in 2.6.2). Therefore, in some cases, temperature 38 
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extremes are compared to some local average (for example, the top 1% of warmest days recorded 1 
in a particular location) rather than to some absolute temperature (such as 95°F).  2 

One exception to using relative measures of temperature is that there are some critical physical 3 
and weather condition thresholds that are absolute: for example, one combined measure of 4 
humidity and temperature is known as the wet bulb temperature. As wet bulb temperature 5 
reaches or exceeds the threshold of 35°C (95°F), the human body can no longer cool through 6 
perspiration, and recent evidence suggest that there is a physical heat tolerance limit in humans 7 
to sustained temperatures above 35°C  that is similar across diverse climates (Sherwood and 8 
Huber 2010). The combined effects of temperature and humidity have been incorporated in  9 
various tools such as Heat Index tables that reflect how combinations of heat and relative 10 
humidity “feel.” This information is presented with notes about the potential nature and type of 11 
health risk different combinations of temperature and humidity may pose, along with 12 
confounding conditions such as exposure to direct sunlight or strong winds with warm and dry 13 
air.  14 

Different heat wave definitions result in different historical events being classified as heat waves. 15 
This makes it challenging to compare results across studies or determine the most appropriate 16 
public health warning systems (Kent et al. 2014; Smith et al. 2013). This is important as the 17 
calculated relationship between deaths and illnesses and extreme heat conditions are highly 18 
variable depending on the methods used for defining the extreme conditions (Barnett et al. 2012; 19 
Kalkstein et al. 2011; Zhang et al. 2012).  20 

2.5 Measuring the Health Impact of Temperature 21 
Two broad approaches are used to study the relationship between extreme temperatures and 22 
illness and death: direct attribution and statistical methods (Gosling et al. 2008b; Berko et al. 23 
2014).  24 

With direct attribution, researchers link health outcomes to extreme temperatures based on 25 
assigned diagnosis codes in medical records such as hospital admissions and death certificates. 26 
For example, in the case of deaths the International Classification of Diseases (ICD-10) contains 27 
specific codes for attributing deaths to exposure to excessive natural heat (X30) and excessive 28 
natural cold (X31) (WHO 2004). However, these official medical records will not include 29 
information on the weather conditions at the time of the event or preceding the event. It is 30 
generally accepted that direct attribution underestimates the number of people who die from 31 
temperature extremes. Reasons for this include difficulties in diagnosing heat-related and cold-32 
related deaths, lack of consistent diagnostic criteria, and difficulty in identifying, or lack of 33 
reporting, heat or cold as a factor that worsened a preexisting medical condition (Anderson and 34 
Bell 2011; Berko et al. 2014). An additional challenging factor in deaths classified as X31 (cold) 35 
deaths is that a number of these deaths result from situations involving substance use/abuse 36 
and/or contact with water, both of which can contribute to hypothermia (CDC 2005, 2006), but 37 
these types of cold deaths may have a weaker link to climate change.   38 
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In contrast, statistical studies measure the impact of extreme temperatures on death and illness 1 
using methods that relate the number of cases (for example, total daily deaths in a city) to 2 
observed weather conditions and other socio-demographic factors. These statistical methods 3 
determine whether the extreme temperature conditions increased deaths or illness above longer-4 
term average levels. Methods for evaluating the impact of extreme temperatures in these models 5 
vary.  6 

Many studies include all the days in the study period, which makes it possible to capture changes 7 
in deaths resulting from small variations of temperatures from their seasonal averages. Other 8 
methods restrict the analysis to days that exceed some threshold for extreme heat or cold 9 
conditions (Mills et al. 2014). Another approach is to identify a heat event and compare observed 10 
illness and deaths during the event with a carefully chosen comparison period (Bustinza et al. 11 
2013; Ye et al. 2012; Knowlton et al. 2009). Any of these methods can also incorporate socio-12 
demographic factors (for example, age, race, and poverty) that may affect the extreme 13 
temperature-death relationship.  14 

Some of these statistical approaches identify increased deaths at temperatures that are not 15 
generally classified as extreme. While large health effects are observed for extreme temperature 16 
events, mortality effects are also seen for smaller changes of even a few degrees from seasonal 17 
averages, and small changes from average temperature occur much more frequently than extreme 18 
events. Although the effect on these abnormal, but not extreme, days is smaller, such days occur 19 
much more often (Luber 2013). In addition, some studies incorporate methods that determine 20 
different health relationships for each of several weather systems that classify conditions based 21 
on wind, pressure, and cloud cover as well as the more common temperature and humidity 22 
measures (Kalkstein et al. 2011).  23 

Comparing death estimates across studies is therefore complicated by the use of different criteria 24 
for temperature extremes, different analytical methods, varying time periods, and different 25 
affected populations. Further, it is widely accepted that characteristics of extreme temperature 26 
events such as duration, intensity, and timing in season directly affect actual death totals (Barnett 27 
et al. 2012; Medina-Ramon and Schwartz 2007). Estimates of the average number of deaths 28 
attributable to heat and cold considering all temperatures rather than just those associated with 29 
extreme events provide an alternative for considering the mortality impact of climate change (Li 30 
et al. 2013; Schwartz et al. 2014). Statistical studies can also offer insights into what aspects of a 31 
temperature extreme are most important. For example, there are indications that the relationship 32 
between high nighttime temperatures and mortality is more pronounced than the relationship for 33 
daytime temperatures (Medina-Ramon and Schwartz 2007; Zhang et al. 2012). 34 

These two methods (direct attribution and statistical approaches) yield very different results for 35 
several reasons. First, statistical approaches generally suggest that the actual number of deaths 36 
associated with temperature extremes is far greater than those recorded as temperature-related in 37 
medical records. Medical records often do not capture the role of heat in exacerbating the cause 38 
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of death, only recording the ultimate cause, such as a stroke or a heart attack (see, for example, 1 
Figure 2, where the excess deaths during the 1995 Chicago heat wave clearly exceeded the 2 
number of deaths recorded as heat-related on death certificates). Statistical methods focus on 3 
determining how temperatures that vary from average conditions contribute to excess mortality 4 
and therefore are not susceptible to this kind of undercount, though they face potential biases due 5 
to time-varying factors like seasonality. In short, while the focus on extreme temperatures is 6 
consistent in both methods, the results are measuring potentially very different pools of events 7 
and associated weather conditions.  8 

2.6 Observed Impact of Temperature on Deaths 9 
A number of extreme temperature events in the United States have led to dramatic increases in 10 
deaths, including events in Kansas City and St. Louis in 1980, Philadelphia in 1993, Chicago in 11 
1995, and California in 2006 (Jones et al. 1980, 1982; CDC 1994; Hoshiko et al. 2010). (See 12 
Figure 2 for more on the July 1995 heat wave in Chicago)  13 

BOX: Heat-related Deaths in Chicago in the Summer of 1995 14 

[Figure 2: Heat-related Deaths in Chicago in the Summer of 1995]  15 

Figure 2 illustrates the concept of excess deaths following an extreme heat event. Excess deaths 16 
are determined by calculating the difference between daily observed deaths during the worst of 17 
the heat wave (starting on July 11) and longer-term daily averages for this time of year. The 18 
period of extreme heat extended from June 21 through August 10, 1995. Research into the event 19 
suggests it was the combination of high humidity, high daily maximum temperatures, and high 20 
daily minimum temperatures that made this event truly exceptional (Karl and Knight 1997). This 21 
event is estimated to have resulted in nearly 700 excess deaths in Chicago (Kaiser et al. 2007). 22 
This approach can be compared to an approach based on death certificates that found only 465 23 
deaths attributed to extreme heat during this time period (CDC 1994). This kind of underestimate 24 
resulting from relying on death certificates is common. Deaths may be even less likely to be 25 
attributed to extreme heat during a heat wave that does not receive a great deal of public 26 
attention.  27 

--end box-- 28 

Recent U.S. studies in specific communities and for specific extreme temperature events 29 
continue to conclude that extreme temperatures, particularly extreme heat, result in excess deaths 30 
(for example, Harlan et al. 2013; Hoshiko et al. 2010; Madrigano et al. 2013). This finding is 31 
further reinforced by a growing suite of regional- and national-scale studies documenting an 32 
increase in deaths following extreme temperature conditions, using both direct attribution (Berko 33 
et al. 2014) and statistical approaches (Anderson and Bell 2011; Deschenes and Greenstone 34 
2011; Guo et al. 2012; Kalkstein et al. 2011; Medina-Ramon and Schwartz 2007). The 35 
connection between heat events and deaths is also evident internationally. The European heat 36 
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wave of 2003 is an especially notable example, as it was responsible for between 30,000 and 1 
70,000 excess deaths (Hayhoe et al. 2010).  2 

A recent analysis of U.S. deaths from temperature extremes based on death records found an 3 
average of approximately 1,300 deaths per year from 2006 to 2010 coded as resulting from 4 
extreme cold exposures, and 670 deaths per year coded as resulting from exposure to extreme 5 
heat (Berko et al. 2014). These results, and those from all similar studies that rely solely on 6 
coding within medical records to determine cause of deaths, will underestimate the actual 7 
number of deaths due to extreme temperatures (for example, Basu and Samet 2002; Berko et al. 8 
2014). Even estimates of the relative number of heat deaths compared to cold deaths may differ 9 
with different approaches to attributing cause of death (Dixon et al. 2005). Studies based on 10 
statistical approaches have found that, despite a larger number of deaths being coded as related to 11 
extreme cold rather than extreme heat, and a larger mortality rate in winter overall, the 12 
relationship between mortality and an additional day of extreme heat is generally much stronger 13 
than the relationship between mortality and an additional day of extreme cold (Medina-Ramon 14 
and Schwartz 2007). 15 

2.6.1 Potential Confounding Factors 16 
While the direct attribution approach underestimates the number of deaths resulting from 17 
extreme temperature events, there are a few ways in which the statistical approach may lead to 18 
an overestimation. However, any overestimation due to these potential confounding factors are 19 
likely to be much smaller than the direct attribution underestimation (Medina-Ramon and 20 
Schwartz 2007). 21 

The first potential overestimation results from the connection between elevated temperatures and 22 
other variables that correlate with temperature, for example poor air quality. This connection 23 
involves a combination of factors, including stagnant air masses and changes in the atmospheric 24 
chemistry that controls the production of air pollutants such as ozone (see Ch. 3: Air Quality). If 25 
some portion of the deaths during extreme heat events are actually a result of the higher levels of 26 
atmospheric pollution that are correlated with these events, then including those deaths in a 27 
statistical analysis to determine the relationship of increased heat on human health would result 28 
in an overestimate (Anderson and Bell 2009; Guo et al. 2012; Madrigano et al. 2015). However, 29 
this issue is often addressed via analyses in which air pollution, and potentially other correlated 30 
variables, is included in modeling studies (for example, Li et al. 2013). 31 

A second consideration when using statistical approaches to determine the relationship between 32 
extreme temperatures and deaths is whether some of the individuals who died during the 33 
temperature event were already near death, and therefore the temperature event could be 34 
considered to have “displaced” the death by a matter of days rather than having created an 35 
additional death. This effect is referred to as mortality displacement. While this effect can be 36 
important for relatively modest heat events, it is not seen in more extreme events (such as the 37 
Chicago heat wave discussed in Box 1, where there is no corresponding reduction below the 38 



USGCRP Climate and Health Assessment  Chapter 2: Temperature‐Related Death and Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  57 

average number of deaths following the elevated rate of deaths during the event). This may be a 1 
result of a larger portion of the deaths during the most extreme heat events involving otherwise 2 
healthy individuals (Kalkstein 1998; Le Tetre et al. 2006, Medina-Ramon and Schwartz 2007; 3 
Kinney et al. 2012).  4 

2.6.2 Evidence of Adaptation in Deaths from Temperature Extremes  5 
The impact on human health of a given temperature event (for example, a 95°F day) can depend 6 
on where that event occurs geographically, or when it occurs during the season. The evidence 7 
shows that the greater the deviation of the temperature extreme from normal conditions, the 8 
larger the increase in deaths (Anderson and Bell 2011; Zanobetti et al. 2012; Anderson et al. 9 
2013). This suggests that people can adapt at least partially to the average temperature that they 10 
are used to experiencing. Some of this effect can be explained by differences in infrastructure. 11 
For example, locations with higher average temperature will have greater prevalence and use of 12 
air conditioning. However, there is also evidence that there is a physiological acclimatization 13 
(the ability to gradually adapt to heat). For example, heat events later in the summer have less of 14 
an impact than those earlier in the summer on deaths due to extreme heat, all else being equal, as 15 
a result of gradual adaptation to heat by the human body (Kalkstein et al. 2011), or due to 16 
depletion of the susceptible population subset.  17 

An increased tolerance to extreme temperatures has also been observed over multi-year and 18 
multi-decadal periods (Anderson and Bell 2011; Bobb et al. 2014; Guo et al. 2012, Petkova et al. 19 
2014a). This improvement is likely due to some combination of physiological acclimatization, 20 
increased prevalence and use of air conditioning (Guo et al. 2012) and general improvements in 21 
public health over time (Anderson and Bell 2011; Bobb et al. 2014), but the relative importance 22 
of each is not yet clear.  23 

Changes in urban development programs reflect an adaptive trend implemented partially in 24 
response to the anticipated temperature health risks of climate change in urban areas. For 25 
example, because urban areas tend to be warmer than surrounding rural areas (the “urban heat 26 
island” effect), there is an increased emphasis on incorporating greenspace and other 27 
technologies, such as cool roofs, in new urban development or redevelopment projects. 28 
Similarly, programs that provide advice and services in response to extreme temperatures 29 
continue to increase in number and expand the scope of their activity (for examples of guidance 30 
for responses to extreme temperatures, see CDC 2015a, 2015b; EPA 2015). Continued changes 31 
in personal behavior as a result of these efforts, for example seeking access to air conditioned 32 
areas during extreme heat events and providing public access to such spaces, may continue to 33 
change future exposure to extreme temperatures and other climate-sensitive health stressors, such 34 
as outdoor air pollutants and transmission sources for vectorborne diseases. 35 
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2.7 Observed Impact of Temperature on Illness 1 
Temperature extremes are linked to a range of illnesses reported at emergency rooms and 2 
hospitals. However, estimates for the national burden of illness associated with extreme 3 
temperatures are limited.  4 

Using a direct attribution approach, an analysis of a nationally representative database from the 5 
Healthcare Utilization Project (HCUP) produced an annual average estimate of 65,299 6 
emergency visits for acute heat illness during the summer months (May through September)—an 7 
average rate of 21.5 visits for every 100,000 people each year (Hess et al. 2014). This result was 8 
based only on recorded diagnoses codes for hyperthermia and probably underestimates the true 9 
number of heat-related healthcare visits, as a wider range of health outcomes is potentially 10 
affected by extreme heat. In a national study of Medicare patients from 2004 to 2005, an annual 11 
average of 5,004 hyperthermia cases and 4,381 hypothermia cases were reported for inpatient 12 
and outpatient visits (Noe et al. 2012). None of these studies link health episodes to observed 13 
temperature data, thus limiting the opportunity to attribute these adverse outcomes to specific 14 
heat events. 15 

High ambient heat has been associated with adverse impacts for a wide range of illnesses (Ye et 16 
al. 2012). Examples of illnesses associated with extreme temperature include cardiovascular, 17 
respiratory, and renal illnesses; diabetes; hyperthermia; mental health issues; and premature child 18 
births. Children spend more time outdoors and have insufficient ability for physiologic 19 
adaptation, and thus may be particularly vulnerable during heat waves (Xu et al. 2012). 20 
Respiratory illness among the elderly population was most commonly reported during extreme 21 
heat (Åström et al. 2011). 22 

Modeling studies examine the association of illness in different settings (such as hospital 23 
admission, emergency department visit, and ambulance dispatch). The majority of these studies 24 
examine the association of extreme heat with cardiovascular and respiratory illnesses. While 25 
many of these studies observed elevated risks of illness during periods of extreme heat, some 26 
studies found no such evidence (Turner et al. 2012; Schwartz et al. 2004; Knowlton et al. 2009; 27 
Anderson et al. 2013; Basu et al. 2012; Green et al. 2010; Ostro et al. 2010). Across emergency 28 
departments and hospitals, there is an association between high temperature and renal diseases, 29 
electrolyte imbalance, and hyperthermia (Li et al. 2012; Fletcher et al. 2012; Green et al. 2010; 30 
Knowlton et al. 2009). These health risks vary not only across types of illness, but also for the 31 
same illness across different healthcare settings.  32 

While there is still uncertainty about how heat-related illnesses are expected to increase with 33 
projected increases in summer temperature from climate change across the nation (Luber et al. 34 
2014), advances have been made in  surveillance of heat-related illness. For example, monitoring 35 
of emergency ambulance calls during heat waves can be used to establish real-time surveillance 36 
systems to identify extreme heat events (Alessandrini et al. 2011). The increase in emergency 37 
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visits for a wide range of illness during the 2006 heat wave in California points to the potential 1 
for using this type of information in real-time health surveillance systems (Knowlton et al. 2009). 2 

2.8 Projected Deaths and Illness from Temperature Exposure 3 
Climate change will lead to warmer summers and milder winters (Walsh et al. 2014), with 4 
implications for human health. Absent further adaptation, these changes are expected to lead to 5 
an increase in illness and death from increases in heat, and reductions in illness and death 6 
resulting from decreases in cold, due to changes in outcomes such as heat stroke, cardiovascular 7 
disease, respiratory disease, cerebrovascular disease, and kidney disorders (Huang et al. 2011; 8 
Luber et al. 2014).  9 

A warmer future is projected to lead to increases in future mortality on the order of thousands to 10 
tens of thousands of additional deaths per year across the United States by the end of this century 11 
(Barreca 2012; Deschenes and Greenstone 2011; Greene et al. 2011; Voorhees et al. 2011; Bobb 12 
et al. 2014; Honda et al. 2014; Mills et al. 2014; Wu et al. 2014). Studies differ in which regions 13 
of the United States are examined and in how they account for factors such as adaptation, 14 
mortality displacement, demographic changes, heat wave definitions, and air quality factors, and 15 
some studies examine only extreme heat events while others take into account the health effects 16 
of smaller deviations from average seasonal temperatures. Despite these differences there is 17 
reasonable agreement on the magnitude of the projected changes. Studies addressing individual 18 
states or cities in the United States, whether Chicago (Hayhoe et al. 2010; Peng et al. 2011), New 19 
York City (Knowlton et al. 2007; Li et al. 2013), the Northeast corridor cities of Philadelphia, 20 
New York, and Boston (Petkova et al. 2013), Washington State (Jackson et al. 2010; Isaksen et 21 
al. 2014), California (Ostro et al. 2011), or Boston and Dallas (Gosling et al. 2008b), or a 22 
relatively large groups including Portland, OR; Minneapolis and St. Paul, MN; Chicago, IL; 23 
Detroit, MI; Toledo, Cleveland, Columbus, and Cincinnati, OH; Pittsburgh and Philadelphia, 24 
PA; and Washington, DC (Petkova et al. 2014b); project an increase in deaths over the next 100 25 
years due to increases in temperature. However, state projections use a variety of modeling 26 
strategies and therefore show more variability in mortality estimates than the national studies.  27 

Less is known about how non-fatal illnesses will change in response to projected increases in 28 
heat. However, hospital admissions related to respiratory, endocrine, genitourinary, and renal 29 
problems are generally projected to increase (Lin et al. 2012; Li et al. 2012). Kidney stone 30 
prevalence has been linked to warm climates, likely because an increase in sweating leads to 31 
concentration of the salts that form the kidney stones. In the United States, an increased rate of 32 
kidney stones is observed in southern regions of the country, especially the Southeast. An 33 
expansion of the regions where the risk of kidney stones is higher is therefore likely in a warmer 34 
future (Brikowski et al. 2008; Fakheri and Goldfarb 2011).   35 

The decrease in deaths and illness due to reductions in winter cold have not been as well studied 36 
as the health impacts of increased heat, but the reduction in deaths from cold will be smaller than 37 
the increase in deaths from heat in the United States (Deschenes and Greenstone 2011; Barreca 38 
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2012; Li et al. 2013; Honda et al. 2014; Mills et al. 2014; Luber et al. 2014). While this is true 1 
nationally, it may not hold for all regions within the country (Schwartz et al. 2014). Similarly, 2 
international studies have generally projected a net increase in deaths from a warming climate, 3 
though in some regions decreases in cold mortality may outweigh increases in heat mortality 4 
(Watkiss and Hunt 2012). The projected net increase in deaths is based in part on historical 5 
studies that show that an additional extreme hot day leads to more deaths than an additional 6 
extreme cold day, and in part on the fact that the decrease in extreme cold deaths is limited as the 7 
total number of cold deaths is expected to be smaller in the future. It is important to distinguish 8 
between generally higher wintertime mortality rates that are not strongly associated with daily 9 
temperatures, such as respiratory infections and some cardiovascular disease (Medina-Ramon 10 
and Schwartz 2007; Mercer 2003), from mortality that is more directly related to the magnitude 11 
of the cold temperatures. Some recent studies have suggested that factors leading to higher 12 
wintertime mortality rates are unlikely to be sensitive to climate warming (Ebi and Mills 2013; 13 
Kinney et al. 2012).  14 

The U.S. population has become less sensitive to heat due to a combination of how many homes 15 
and businesses have air conditioning, other infrastructure improvements, and improved societal 16 
responses, including overall improvements in public health and healthcare (Davis et al. 2002; 17 
2003; Ebi et al. 2004; Sheridan et al. 2009; Kalkstein et al. 2011; Bobb et al. 2014). Projecting 18 
these trends into the future is challenging, but future changes in adaptive capacity are likely to 19 
modestly reduce the future increase in mortality (Knowlton et al. 2007; Gosling et al. 2008b; 20 
Ostro et al. 2011; Watkiss et al. 2012; Mills et al. 2014). On the other hand, if current trends of 21 
population growth and migration into large urban areas continue, there may be an increasing 22 
urban heat island effect which will magnify the rate of warming locally. Additionally, the 23 
occurrence of events such as power outages simultaneous with a heat wave may negate these 24 
adaptive benefits. Such simultaneous events can be more common because of the additional 25 
demand on the electricity grid due to high air conditioning usage (Kovats and Hajat 2008).  26 

Projected changes in future health outcomes associated with extreme temperatures can be 27 
difficult to quantify. Projections can depend on 1) the characterization of population sensitivity 28 
to heat event characteristics such as magnitude, duration, and humidity; 2) differences in 29 
population sensitivity depending on the timing and location of an extreme event; 3) future 30 
changes in baseline rates of death and illness as well as human tolerance and adaptive capacity; 31 
and 4) the changing proportions of vulnerable populations, including the elderly, in the future. 32 

BOX: Research Highlight: Modeling The Effect of Warming on U.S. Deaths 33 

Importance: A warming climate is expected to lead to an increase in deaths due to temperatures 34 
that are hotter than normal in the summer, and a decrease in deaths due to temperatures that are 35 
colder than normal in the winter. Understanding these changes is an important factor in 36 
understanding the human health response to climate change.  37 
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Objective: A quantitative projection of future deaths from heat and cold for 209 U.S. cities with 1 
a cumulative population of over 160 million inhabitants. 2 

Method: A relationship between temperature and deaths by city and month was developed using 3 
historical data on deaths and temperatures from 1996-2006, generating results for both same-day 4 
temperature and the average of the previous five-day temperatures to account for delayed 5 
responses to temperature. Cities were allocated to nine different clusters based on similar 6 
climates. Temperature-death relationships were refined for cities within a given cluster based on 7 
the other cities in that cluster. Projections of temperature in future time periods were based on 8 
the RCP6.0 scenario from two climate models: the Geophysical Fluid Dynamic Laboratory-9 
Coupled Physical Model 3 (GFDL-CM3) and the Model for Interdisciplinary Research on 10 
Climates (MIROC5). These projections were adjusted to match the historical data from the same 11 
weather stations that were used in the statistical analysis. Further details can be found in 12 
Schwartz et al. 2014. 13 

Results: The modeling done for this study projects that future warming, without any adjustments 14 
for future adaptation, will lead to an increase in deaths from heat and a decrease in deaths from 15 
cold. Overall, this leads to a total net increase of about 2,000 to 10,000 deaths per year in the 209 16 
cities by the end of the century (Figure 4). Net effects vary from city to city, and a small number 17 
of cities are projected to experience a decrease in deaths (Figure 3 & 4).  18 

Conclusions: This study is an improvement on previous studies because it examines a greater 19 
number of cities, uses more recent data on deaths, takes advantage of similar relationships 20 
between deaths and temperature between nearby cities to generate more statistically robust 21 
results, and addresses the difference in these relationships by month of the year. The results are 22 
consistent with most of the previous studies in that this study projects that climate change will 23 
lead to an increase in heat deaths on the order of thousands to tens of thousands of annual deaths 24 
by the end of the century, and that the increase in deaths from heat will be larger than the 25 
reduction in deaths from cold. In contrast to some previous similar studies (for example, Mills et 26 
al. 2014), some individual cities do show net mortality benefits from future warming, mainly in 27 
locations where the population is already well-adapted to heat but poorly prepared for cold (like 28 
Florida). In contrast to some of these results, some other studies project high excess mortality in 29 
Southern states despite a lower attributable risk, due to larger increases in frequency and duration 30 
of heat waves in that region (Wu et al. 2014). Like most previous studies, this analysis does not 31 
account for the effects of further adaptation on future mortality. Results are based on the 32 
temperature-death relationships observed for the period from 1996 to 2006, which likely reflect 33 
some adaptation to extreme temperatures. However, future adaptation would, all else equal, 34 
mean that these results may overestimate the potential impact of climate change on changes in 35 
both heat- and cold-related deaths. 36 
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This study increases the confidence in the key finding that the number of heat deaths will 1 
increase in the future compared to a future with no climate change, and that the increase in heat 2 
deaths will be larger than the reduction in cold deaths.   3 

[Figure 3. Projected Net Changes in Extreme Temperature-related Deaths] 4 

[Figure 4. Projected Changes in Deaths in U.S. Cities by Season] 5 

--end box-- 6 

2.9 Populations of Concern for Death and Illness from Extreme 7 

Temperatures 8 
Impacts of temperature extremes are geographically varied and disproportionally affect certain 9 
populations of concern (Luber et al. 2014, see also Ch. 9: Populations of Concern). Certain 10 
populations are more at risk for experiencing detrimental consequences of exposure to extreme 11 
temperatures due to their sensitivity to hot and cold temperatures and limitations to their capacity 12 
for adapting to new climate conditions.   13 

Elderly populations, particularly those who have pre-existing diseases, take certain medications 14 
that affect thermoregulation or block nerve impulses (for example, beta-blockers, major 15 
tranquilizers, and diuretics), are living alone, or have limited mobility are at higher risk for 16 
temperature-related mortality and morbidity (Anderson and Bell 2009; Balbus and Malina 2009; 17 
Basu and Samet 2002; Berko et al.,2014; Knowlton et al. 2009) (see also Ch. 9: Populations of 18 
Concern). The relationship between increased temperatures and death in elderly populations is 19 
well understood. An increased risk for respiratory and cardiovascular death is observed in elderly 20 
populations during temperature extremes due to reduced thermoregulation (Anderson and Bell; 21 
2009, Astrom et al. 2011; Basu and Samet 2002; Berko et al. 2014). Morbidity studies have also 22 
identified links between increased temperatures and respiratory and cardiovascular 23 
hospitalizations in the elderly (Astrom et al. 2011).  24 

Children are another group that are particularly vulnerable to extreme temperature events. The 25 
primary health complications observed in children exposed to heat waves include dehydration, 26 
electrolyte imbalance, fever, renal disease, heat stress, and hyperthermia (Xu et al. 2012). 27 
Infectious and respiratory diseases in children are likely to be affected by both hot and cold 28 
temperatures (see Ch. 9: Populations of Concern). Inefficient thermoregulation, reduced 29 
cardiovascular output, and heightened metabolic rate are physiological factors driving 30 
vulnerability in children to extreme heat. Children also spend a considerable amount of time 31 
outdoors and participate in vigorous physical activities (Basu and Samet 2002; Berko et al. 2014; 32 
Wasilevich et al. 2012; Xu et al. 2012). High-school football players are especially vulnerable to 33 
heat illness (for example, Kerr et al. 2013, see also Ch. 9: Populations of Concern). A limited 34 
number of studies show evidence of cold-related mortality in children, however no study has 35 
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examined the relationship between cold temperature and cause-specific mortality (Xu et al. 1 
2012).  2 

Pregnant women are vulnerable to extreme heat, yet there is no consensus as to the mechanism 3 
responsible for the association between increased preterm delivery and exposure to extreme heat 4 
(Basu and Samet 2002; Basu et al. 2010; Carolan-Olah and Frankowska 2014). Extreme heat 5 
events are also associated with adverse birth outcomes such as low birth weight (see Ch. 9: 6 
Populations of Concern).Where a person lives, works, or goes to school can also make them 7 
more vulnerable to health impacts from extreme temperatures. The urban heat island effect, land 8 
cover characteristics, and poor air quality combine to increase the impacts of high ambient 9 
temperatures for city dwellers and further increase the burden on populations of concern within 10 
the urban area (Anderson and Bell 2009; Berko et al. 2014; Medina-Ramon and Schwartz 2007; 11 
Uejio et al. 2011). Of particular concern for densely populated cities is the urban heat island 12 
effect, where manmade surfaces absorb sunlight during the day and then radiate the stored 13 
energy at night as heat. This process will enhance any warming from climate change and limit 14 
the potential relief of cooler nighttime temperatures in urban areas (Knowlton et al. 2007).  15 

Race, ethnicity, and socioeconomic status can affect vulnerability to temperature extremes.  16 
Several studies have identified non-Hispanic black populations to be more vulnerable than other 17 
race and ethnicity groups to detrimental consequences of exposure to temperature extremes 18 
(Anderson and Bell 2009; Basu and Samet 2002; Berko et al. 2014; Gronlund 2014; Wasilevich 19 
et al. 2012; Hansen et al. 2013). One study found that non-Hispanic black persons were 2.5 times 20 
more likely to experience a heat-related mortality compared to non-Hispanic white persons, and 21 
non-Hispanic blacks had a two-fold risk of dying from a heat-related event compared to Hispanic 22 
persons (Berko et al. 2014). Evidence of racial differences in heat tolerance due to genetic 23 
differences is inconclusive (Gronlund 2014). However, other factors may contribute to increased 24 
vulnerability of black populations, including comorbidities (co-existing chronic conditions) that 25 
increase susceptibility to higher temperatures, disparities in the availability and use of air 26 
conditioning and in heat risk-related land cover characteristics (for example, living in urban areas 27 
prone to heat-island effects), and environmental justice issues (Basu and Samet 2002; Berko et 28 
al. 2014; Gronlund 2014; O’Neill et al. 2005; Uejio et al. 2011). Overall, the link between 29 
temperature extremes, race, ethnicity, and socioeconomic status is multidimensional. Education 30 
level, income, safe housing, occupational risks, access to health care, and baseline health and 31 
nutrition status can further distort the association between temperature extremes, race, and 32 
ethnicity (Anderson and Bell 2009; Gronlund 2014). 33 

Outdoor workers spend a great deal of time exposed to temperature extremes, often while 34 
performing vigorous activities. Certain occupational groups such as agricultural workers, 35 
construction workers, and electricity and pipeline utility workers are at increased risk for heat- 36 
and cold-related illness, especially where jobs involve heavy exertion (Balbus and Malina 2009; 37 
CDC 2014; Lundgren et al. 2013). One study found that failure of employers to provide for 38 
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acclimatization to be the factor most clearly associated with heat-related death in workers (CDC 1 
2014). 2 

Mental, behavioral, and cognitive disorders can be triggered or exacerbated by heat waves. 3 
Specific illnesses impacted by heat include dementia, mood disorders, neurosis and stress, and 4 
substance abuse (Balbus and Malina 2009; Hansen et al. 2008; Martin-Latry et al. 2007; Page et 5 
al. 2012). Some medications interfere with thermoregulation, increasing vulnerability to heat 6 
(Martin-Latry et al. 2007, see also Ch. 8: Mental Health). One study in Australia found that 7 
hospital admissions for mental and behavioral disorders increased by 7.3% during heat waves 8 
(Hansen et al. 2008).  9 

2.10 Emerging and Cross-cutting Issues 10 
Extreme temperatures interact with air quality, which can complicate estimating how extreme 11 
temperature events impact human health in the absence of air quality changes (2.6.1). In 12 
addition, increased heat may also increase vulnerability to poor air quality and allergens, leading 13 
to potential non-linear health outcome responses. Heat events, as well as other impacts from 14 
climate change, can also be associated with changes in electricity supply and distribution. 15 
Disruptions in electricity distribution have important implications for the availability of air 16 
conditioning, a key adaptive measure.  17 

Additionally, the health effects addressed in this chapter are not the only ways in which heat and 18 
health are related. For example, research indicates that hotter temperatures may lead to an 19 
increase in violent crime (Ranson 2014) and could negatively affect the labor force, especially 20 
occupational health for outdoor sectors (Dunne et al. 2013; Graff Ziven et al.2014).  21 

Other changes in human behavior will also have implications for the linkage between climate 22 
and heat-related illness. Changes in building infrastructure as a response to changes in 23 
temperature can have impacts on indoor air quality (see Ch. 3: Air Quality Impacts). Similarly, 24 
changes in behavior as a result of temperature changes, for example, seeking access to air 25 
conditioning, can result in changes of exposure to outdoor pollution and vectorborne diseases.   26 

Finally, projections of climate variability and the most extreme temperature events can be more 27 
challenging than projections of average warming. Extreme temperatures may rise faster than 28 
average temperatures (Orlowsky and Seneviratne 2012), with the coldest days having warmed 29 
faster than average for much of the century, but the warmest days warming faster in the past 30 30 
years (Robeson et al. 2014). There have been suggestive links between rapid recent Arctic sea 31 
ice loss (Liu et al. 2013) and an increased frequency of cold (Liu et al. 2012) and warm extremes 32 
(Francis and Vavrus 2012), but this is an active area of research with conflicting results (Wallace 33 
et al. 2014; Barnes 2013). In regions where temperature variability increases, mortality will be 34 
expected to increase, and vice versa (Gosling et al. 2008a). 35 
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2.11 Research Needs 1 
Continued improvements are needed in historical analysis, in present-day surveillance, and in 2 
future projections of health response to temperature. A number of analyses use statistical 3 
relationships between temperatures and deaths as a basis for projections, but improved 4 
agreement is needed on the magnitude of temperature-related deaths at a national scale, and in 5 
terms of quantification of the relationship between temperature and hospital admissions and 6 
other measures of illness. Additional research into the response to illness and deaths over a range 7 
of temperatures, particularly extreme heat given anticipated future temperatures, will help 8 
improve future health impact projections and understanding of the associated uncertainty in 9 
results. Better understanding of the direct and/or indirect pathways linking cold temperatures to 10 
mortality risk will be especially valuable. Other areas in need of more research are the 11 
relationships and physiological mechanisms regarding pre-term delivery and adverse birth 12 
outcomes, and the environmental justice and potential genetic factors responsible for variations 13 
in heat tolerance and observed higher risk for non-Hispanic black persons. Focused surveillance 14 
monitoring and research efforts can improve understanding of risks. Continued improvements in 15 
future projections can result from these efforts in historical and present-day analysis, but also 16 
from improved understanding of future changes in temperature variability; better accounting for 17 
changes in humidity; more development, application, and evaluation of methods to account for 18 
future adaptation over time; and investigation of potential impacts of heat and cold events, 19 
combined with other potentially correlated extreme event stressors, such as degraded air quality 20 
from wildfires or infrastructure damage from storms. 21 
  22 
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2.12 Traceable Accounts 1 
The key messages were mainly developed by the lead authors over a half-year period from 2 
August 2014 through February 2014, through email communication and phone conference calls. 3 
The messages were developed based on peer-reviewed papers gathered in the course of a 4 
literature review conducted by the National Institute of Environmental Health Sciences, as well 5 
as additional literature and comments provided by the chapter authors, public comments received 6 
either in written form or at a Public Forum on March 13th, 2014, and comments received during 7 
all-authors webinars and workshops. Author team calls including contributing authors were 8 
dedicated to key messages in November and December. 9 

The NOAA Technical Support Unit and the Steering Committee were consulted and provided 10 
technical and wording advice during development of the key messages.  11 

Future Increases in Temperature-Related Deaths  12 

Key Finding 1: Future climate warming could lead to thousands to tens of thousands of 13 
additional deaths each year from heat in the summer, as calculated by extrapolating statistical 14 
relationships and without considering potential adaptive changes [Very Likely, High Confidence]. 15 
Climate warming will also lead to a decrease in deaths from cold in the winter [Very Likely, 16 
Medium Confidence], but this reduction in deaths is projected to be smaller than the increase in 17 
summertime heat-related deaths in most regions [Likely, Medium Confidence].  18 

Future climate warming could lead to tens of thousands of additional deaths from heat in the 19 
summer when not considering potential adaptation:  20 

There is an extensive literature examining projections of mortality in the United States and 21 
elsewhere due to increasing temperatures. In particular, eight studies were identified that provide 22 
heat mortality projections in the United States for at least 10% of the U.S. population (Barreca 23 
2012; Voorhees et al. 2011; Deschenes and Greenstone 2011; Greene et al. 2011; Mills et al. 24 
2014; Wu et al. 2014; Bobb et al. 2014; Honda et al. 2014; Schwartz et al. 2014). All these 25 
studies projected an increase in mortality due to projections of future warming, though several 26 
noted the potential confounding factor of adaptation (discussed in Key Finding #3). In general, 27 
the magnitude of projected increases in annual deaths in these studies was in the hundreds to 28 
thousands by midcentury, and thousands to tens of thousands by the end of the century, when 29 
scaled to the total U.S. population. These conclusions are further supported by studies that at the 30 
city or state level (Knowlton et al. 2007; Gosling et al. 2008b; Hayhoe et al. 2010; Jackson et al. 31 
2010; Ostro et al. 2011; Peng et al. 2011; Li et al. 2013; Petkova et al. 2013; Isaksen et al. 2014).  32 

Climate warming will also lead to a decrease in deaths from cold in the winter, but this 33 
reduction in deaths will be much smaller than the increase in heat deaths in most regions:  34 

A smaller set of studies examine the impacts on future deaths due to extreme cold. In general, 35 
studies do find a decrease in deaths (Deschenes and Greenstone 2011; Barreca 2012; Li et al. ; 36 
2013; Honda et al. 2014; Mills et al. 2014; Luber et al. 2014) though some studies caution that 37 
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the cold mortality may not be responsive to warming (Kinney et al. 2012; Ebi and Mills 2013). 1 
Of those studies that examine both heat and cold at the national scale (Barreca 2012; Deschenes 2 
and Greenstone 2011; Mills et al. 2014; Honda et al. 2014; Schwartz et al. 2014), only Barreca 3 
found that the reductions in cold deaths would more than compensate for the increase in heat 4 
deaths. This finding that heat deaths will increase more than cold deaths will decrease is 5 
consistent with studies at smaller spatial scales (for example, Li et al. 2013). Moreover, several 6 
studies provide rationales for why heat mortality is expected to outpace cold mortality (Medina-7 
Ramon and Schwartz 2007; Mills et al. 2014; Kinney et al. 2012). Barnett et al. (2012) showed 8 
that cold waves were not generally associated with an increase of deaths beyond the mortality 9 
already associated with cold weather, in contrast to heat waves.  10 

Major uncertainties 11 
The Third National Climate Assessment (NCA) found that “While deaths and injuries related to 12 
cold events are projected to decline due to climate change, these reductions are not expected to 13 
compensate for the increase in heat-related deaths” (Luber et al. 2014). At least four studies 14 
projecting future mortality and covering a large proportion of the U.S. population have been 15 
released since the NCA was published (Mills et al. 2014; Bobb et al. 2014; Honda et al. 2014; 16 
Schwartz et al. 2014), and these studies further confirm the NCA finding. The largest remaining 17 
uncertainties concern questions of future adaptation, which are discussed in Key Finding #3.  18 

Assessment of confidence and likelihood based on evidence 19 
There is high confidence that heat deaths will increase in the future compared to a future without 20 
climate change based on high agreement and a large number of studies. Because there are fewer 21 
studies, and because there exist studies that suggest that winter mortality is not strongly linked to 22 
temperatures, the confidence that deaths due to extreme cold will decrease is only medium. The 23 
majority of the studies that examine both heat and cold deaths find that the increase in heat 24 
deaths due to climate change will be larger than the decrease in cold deaths, but there are a 25 
limited number of such studies, leading to an assessment of medium confidence.   26 

Illness and Deaths are Related to Deviations from Seasonal Average  27 

Key Finding 2: Days that are hotter than normal in the summer or colder than normal in the 28 
winter are both associated with increased illness and death. While large health effects are 29 
observed for extreme temperature events, mortality effects are also seen for smaller deviations of 30 
even a few degrees from seasonal averages, and small deviations from average temperature occur 31 
much more frequently than extreme events. Due to climate change, more hot days and fewer cold 32 
days are expected in the future. [Very Likely, High Confidence] 33 

Days that are hotter than normal in the summer or colder than normal in the winter are both 34 
associated with increased levels of illness and death 35 

This conclusion is founded on two parts: one is that extreme temperatures lead to illness and 36 
death, and the other is that these extreme temperatures are best described in relation to local 37 
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average seasonal temperatures rather than absolute temperature values. Both conclusions are 1 
well-recognized in the literature. There have been a number of recent epidemiological studies 2 
which have examined the relationship between mortality and temperature in the United States, all 3 
of which include at least 40 cities, and several of which are national, and all studies find this 4 
increase in mortality regardless of the specific metric used (Anderson and Bell 2011; Deschenes 5 
and Greenstone 2011; Guo et al. 2012; Berko et al. 2014; Kalkstein et al. 2011; Medina-Ramon 6 
and Schwartz 2007). Several of these studies start with the presumption that there is a threshold 7 
which is related to the normal temperatures in that city (Medina-Ramon and Schwartz 2007; 8 
Anderson and Bell 2011; Guo et al. 2012), and the results they find are consistent with the 9 
assumption that a 95°F day in a normally hot city will lead to less mortality than a 95°F day in a 10 
normally cool city. Anderson and Bell 2011, in particular, also calculated effects for absolute 11 
temperatures and found that cities in the South and Southeast were the least sensitive to heat, 12 
concluding that populations may acclimate to a city’s weather conditions.  13 

Cardiovascular and respiratory illness has been most commonly examined in relation to extreme 14 
heat, but the association is more complicated for illness than for mortality. A review of studies 15 
that examined the association between hospital admissions with reported cardiovascular illness 16 
and high temperature concluded that the effect across age groups was small and variable (Turner 17 
et al. 2012). Analysis of Medicare data for people over 65 years of age across 12 U.S. cities 18 
found an increase in cardiovascular hospital admission with high temperature (Schwartz et al. 19 
2004). During a 2006 heat wave in California, elevated risks were observed in the emergency 20 
departments for cardiovascular illness, diabetes, and respiratory illness, but similar patterns were 21 
not observed in hospital admissions (Knowlton et al. 2009). Similar association between high 22 
temperature and cause-specific cardiovascular illness, like cardiac dysrhythmia, ischemic stroke, 23 
ischemic heart disease, and hypotension, was found in California (Basu et al. 2012). Respiratory 24 
hospital admissions increase with temperature (Turner et al. 2012) which is particularly relevant 25 
for the elderly population (Anderson et al. 2013). However, studies from California do not find 26 
the same association between high temperature and respiratory emergency visits (Basu et al. 27 
2012) as for respiratory hospital admission (Green et al. 2010; Ostro et al. 2010). It may be that 28 
some of these variations in effect estimates may arise from discrepancies in case definitions 29 
(selecting only the primary diagnoses vis-à-vis all diagnoses from health records), differences in 30 
controlling for air pollution variables in model specifications, or differences in type and severity 31 
of patients who present themselves at emergency departments compared to hospital admissions. 32 

Various measures of temperature are used in the studies linking extreme heat with illness, with 33 
daily average temperature (Lavigne et al. 2014; Anderson et al. 2013; Lippman et al. 2013; 34 
Fletcher et al. 2012; Schwartz et al. 2004) and apparent temperature (Gronlund et al. 2014; Basu 35 
et al. 2012; Lin et al. 2012; Ostro et al. 2010) being the commonly used ones. Across studies, 36 
adverse health episodes were most strongly associated with exposures that occurred on the same 37 
day or the previous day (Gronlund et al. 2014; Anderson et al. 2013). However, a cumulative 38 
effect of heat was also observed at periods of up to one week after exposure (Basu et al. 2010). 39 
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These effects tapered off beyond seven days (Schwartz et al. 2004). Some of the analyses 1 
identified the specific temperature thresholds for locations above which an increase in adverse 2 
health episodes were observed (Lippman et al. 2013; Lin et al. 2009). 3 

While large health effects are observed for extreme temperature events, mortality effects are 4 
also seen for smaller changes of even a few degrees from seasonal averages, and small 5 
changes from average temperature occur much more frequently than extreme events.  6 

Threshold based studies such as Medina-Ramon and Schwartz (2007) only examine extreme 7 
temperature events, and the evidence for mortality is clearest in these events. Some of the 8 
individuals who die in response to elevated temperatures were already near death, and so the 9 
temperature event is sometimes considered to have “displaced” the death by a matter of days 10 
rather than created an additional death. Therefore, some studies make adjustments for this 11 
“mortality displacement” or “harvesting” effect. However, a number of studies have shown that 12 
this effect is generally below 50% of the total deaths, and is much smaller than that (10% or less) 13 
for the most extreme events such as the 2003 European heatwave (Kalkstein, 1998; Le Tetre et 14 
al. 2006; Medina-Ramon and Schwartz 2007; Kinney et al. 2012).  15 

Major uncertainties 16 
This finding reflects consideration of a number of studies (for example, Berko et al. 2014; Bobb 17 
et al. 2014) not referenced in the recent Third National Climate Assessment (NCA) (Luber et al. 18 
2014). 19 

New studies will continue to build the body of evidence to support or challenge the elements of 20 
this finding in the future. While the link between unusual temperature and deaths has long been 21 
observed and noted as strong, recent studies have greatly expanded the pool of information that 22 
can be considered when evaluating temperature and illness relationships. This is particularly true 23 
as an ever-increasing pool of illnesses is evaluated for a temperature response. This recent 24 
explosion in the literature has led more to an expansion of considered health outcomes compared 25 
to an exhaustive investigation of the links between extreme temperatures and illness. 26 

Assessment of confidence and likelihood based on evidence 27 
Overall: Very High confidence. The consistency and strength of the findings for the relationship 28 
between unusual temperatures and excess deaths and illness is notable, particularly given the 29 
different study designs that produce this result. At the same time, there is a smaller body of 30 
research measuring the extent of mortality displacement following specific extreme temperature 31 
events. The variability in the underlying conditions of these events and population characteristics 32 
likely contributes to the observed variability in measures of the share of excess deaths 33 
attributable to the extreme conditions, reducing the relative confidence in this aspect of the key 34 
finding.  35 

 Increased deaths with extreme/unusual temperatures: Very High confidence  36 

 Increased illness with extreme/unusual temperatures: Very High confidence  37 
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Changing Tolerance to Extreme Heat 1 

Key Finding 3: An increase in population tolerance to extreme heat [Very Likely, High 2 
Confidence], but not extreme cold, has been observed over time. This could be related to 3 
increased use of air conditioning, improved social responses, and/or physiological acclimitization 4 
[Likely, Medium Confidence]. Including this adaptation trend in human health projections will 5 
reduce but not eliminate the increase in future deaths from heat [Likely, Low Confidence].  6 

Observed increase in tolerance to extreme heat 7 

There is high confidence that the tolerance of the U.S. population to extreme heat has been 8 
increasing over time as evinced by a number of studies (Anderson and Bell 2011; Bobb et al. 9 
2014; Guo et al. 2012). However, there is less confidence in attributing this increase in tolerance: 10 
increased prevalence and use of air conditioning, physiological adaptation, available green space, 11 
and improved social responses have all been proposed as explanatory factors. There have been 12 
some indications (Sheridan et al. 2009) that improvements in the United States might have 13 
plateaued, but Bobb et al. 2014 found continuing reductions through 2005.   14 

Deaths from extreme heat will continue to increase 15 

Even in cities with nearly 100% air conditioning penetration, heat deaths are observed today. 16 
While there is no consensus on how to include adaptation in future projections, a number of 17 
studies have used various techniques as sensitivity studies, and generally found that mortality has 18 
still increased even under optimistic assumptions (Knowlton et al. 2007; Gosling et al. 2008b; 19 
Ostro et al. 2011; Mills et al. 2014) 20 

Several approaches to including adaptation were used in these studies. For example, two studies 21 
used an “analog city” approach, where the response of the population to future temperatures in a 22 
given city is assumed to be equal to that of a city with a hotter present-day climate (Knowlton et 23 
al. 2007; Mills et al. 2014). Another approach is to assume that critical temperature thresholds 24 
change by some quantity over time (Gosling et al. 2008b; Watkiss and Hunt 2012). A third 25 
approach is to calculate sensitivity to air conditioning prevalence in the present, and make 26 
assumptions about air conditioning in the future (Ostro et al. 2011). In general, inclusion of 27 
adaptation reduces the mortality increase, ranging from modest decreases to a factor of five 28 
decrease. However, many of these approaches of including adaptation are presumed to be 29 
optimistic. Historically, adaptive measures have occurred as a response to extreme events, and 30 
therefore could be expected to lag warming (Ebi et al. 2004; Hayhoe et al. 2010).  31 

Major uncertainties 32 
While studies have been published in recent years that include adaptation in sensitivity analyses 33 
(Mills et al. 2014), this remains a challenging area of research.  34 

  35 



USGCRP Climate and Health Assessment  Chapter 2: Temperature‐Related Death and Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  71 

Assessment of confidence and likelihood based on evidence 1 
There is high confidence that a decrease in sensitivity to heat events has occurred based on high 2 
agreement between studies, but only medium confidence that this decrease is due to some 3 
combination of air condition prevalence, physiological adaptation, presence of green space, and 4 
improved social responses because of the challenges involved in attribution. While the U.S. 5 
studies considered here all show increasing mortality due to heat in a warmer future even under 6 
optimistic scenarios of adaptation, the uncertainties involved lead to an assessment of low 7 
confidence.  8 

Some Populations at Greater Risk 9 

Key Finding 4: Elderly persons and people working outdoors have a higher risk of dying due to 10 
increasing frequency, intensity, and duration of future heat and heat waves. Children and 11 
working age adults have increased vulnerability to heat-related illness. The socially isolated, 12 
economically disadvantaged, some communities of color, and those with chronic illnesses are 13 
also especially vulnerable to death or illness. [High Confidence]  14 

The elderly have a higher risk of dying due to increasing frequency, intensity, and duration of 15 
future heat waves  16 

The relationship between increased temperatures and deaths in elderly populations is well 17 
understood. An increased risk for respiratory and cardiovascular death is observed in elderly 18 
populations during temperature extremes due to reduced thermoregulation (Anderson and Bell 19 
2009; Astrom et al. 2011; Basu and Samet 2002; Berko et al. 2014).  20 

Children and working age adults have increased vulnerability to heat-related illness  21 

Studies cite dehydration, electrolyte imbalance, fever, heat stress, hyperthermia and renal disease 22 
as the primary health conditions in children exposed to heat waves. Causes of heat-related illness 23 
include inefficient thermoregulation, reduced cardiovascular output, and heightened metabolic 24 
rate as causes for vulnerability to extreme heat. Children also spend a considerable amount of 25 
time outdoors and participating in vigorous activities (Basu and Samet 2002; Berko et al. 2014; 26 
Wasilevich et al. 2012; Xu et al. 2012). A limited number of studies found evidence of cold-27 
related mortality in children, however no study has examined the relationship between cold 28 
temperature and cause-specific mortality (Xu et al. 2012).  29 

Certain occupational groups that spend a great deal of time exposed to extreme temperatures 30 
such as agricultural workers, construction workers, and electricity and pipeline utility workers 31 
are at increased risk for heat- and cold-related illness, especially where jobs involve heavy 32 
exertion (Balbus and Malina 2009; CDC 2014; Lundgren et al. 2013). Lack of heat illness 33 
prevention programs that include provisions for acclimatization was found to be a factor strongly 34 
associated with death (CDC 2014). 35 
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The socially isolated, economically disadvantaged, some communities of color, and those with 1 
chronic illnesses are also especially vulnerable to death or illness. 2 

Race, ethnicity, and socioeconomic status have been shown to impact vulnerability to 3 
temperature extremes. Several studies have identified non-Hispanic black populations to be more 4 
vulnerable than other race and ethnicity groups for experiencing detrimental consequences of 5 
exposure to temperature extremes (Anderson and Bell 2009; Basu and Samet 2002; Berko et al. 6 
2014; Gronlund 2014; Wasilevich et al. 2012). Studies suggest comorbidities that enhance 7 
susceptibility to higher temperatures, availability and use of air conditioning, disparities in heat 8 
risk-related land cover characteristics and other environmental justice issues contribute to 9 
increased vulnerability of black populations (Basu and Samet 2002; Berko et al. 2014; Gronlund, 10 
2014; O’Neill et al. 2005; Uejio et al. 2011).  11 

Dementia, mood disorders, neurosis and stress-related illnesses, and substance abuse are shown 12 
to be influenced by extreme heat (Balbus and Malina 2009; Hansen et al. 2008; Martin-Latry et 13 
al. 2007; Page et al. 2012). Some medications interfere with thermoregulation, increasing 14 
vulnerability to heat (Martin-Latry et al. 2007). 15 

Major uncertainties 16 
The literature available at the time of the development of the NCA had identified a number of 17 
vulnerable populations that were disproportionately at risk during heat waves, and literature 18 
since that time has only strengthened the understanding of the elevated risks for these 19 
populations. There continues to be a need for better understanding of the relative importance of 20 
genetics and environmental justice issues with regards to the observed higher risk for non-21 
Hispanic black persons, more work on understanding the risks to pregnant women from extreme 22 
temperature events, and a better understanding of the relationship between extreme cold 23 
vulnerabilities in populations of concern.  24 

Assessment of confidence and likelihood based on evidence 25 
There are some details regarding causation and subpopulations that still require research, but 26 
overall, there is a large body of literature that comes to very similar conclusions regarding the 27 
increased vulnerability to extreme heat of a number of groups, and therefore the finding is that 28 
the listed communities are at greater risk of death and illness. This finding has high confidence. 29 

  30 
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2.14 Figures 1 

Figure 1. Climate Change and Health—Extreme Heat  2 

 3 

Caption: Conceptual diagram illustrating the exposure pathways by which climate 4 
change influences human health during an extreme heat event. The central blue pathway 5 
includes selected examples of climate drivers, the pathways by which humans are 6 
exposed to health threats from those drivers, and the resulting health outcomes. The 7 
orange path to the left indicates selected examples of factors that are not aspects of 8 
climate change but that can affect human vulnerability to health impacts of climate 9 
change. The green path to the right indicates additional risk factors that may increase 10 
human vulnerability to health impacts of extreme heat. 11 

  12 
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Figure 2. Heat-related Deaths During the 1995 Chicago Heat Wave  1 

 2 

Caption: This figure shows the relationship between high temperatures and deaths 3 
observed during the 1995 Chicago Heat Wave. The large spike in deaths in mid-July of 4 
1995 (red line) is much higher than the average compared to the average number of 5 
deaths during that period (orange line), as well as the death rate before and after the heat 6 
wave. This increase in the rate of deaths occurred during and after the heat wave, as 7 
shown here by temperatures exceeding 100°F during the day (green line). Humidity and 8 
high nighttime temperatures were also key contributing factors to this increase in deaths 9 
(Karl and Knight 1997). The number of excess deaths, as calculated by the increase in 10 
deaths in the red line compared to the orange line, was about 700 people. Only 465 deaths 11 
were classified as “heat-related” on death certificates during this same period, 12 
demonstrating the tendency of direct attribution to undercount total heat-related deaths. 13 
(Figure source: EPA 2014)  14 
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Figure 3. Projected Net Changes in Extreme Temperature-related Deaths 1 

 2 

Caption: This figure shows the projected decrease in deaths due to warming in the winter 3 
months (top left), the projected increase in death rates due to warming in the summer 4 
months (top right), and the projected net change in deaths (Combined map in center), as 5 
calculated by the statistical approach used by Schwartz et al. (2014) comparing projected 6 
results for 2100 to those for 2010 in 209 U.S. cities. These results are from one of the two 7 
models (GFDL-CM3 scenario RCP6.0) studied in Schwartz et al. (2014). Geographic 8 
variation in the death rates are due to a combination of the changes in warming from the 9 
climate projections and the geographic variation in the relationship between deaths and 10 
temperatures derived from the historical health and temperature data. These results are 11 
based on holding the 2010 population constant in the analyses, with no explicit 12 
assumptions or adjustment for potential future adaptation. Therefore, these results reflect 13 
only the effect of the anticipated change in climate over time. (Figure source: Schwartz et 14 
al. 2014) 15 
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Figure 4. Projected Changes in Deaths in U.S. Cities by Season  1 

 2 

Caption: This figure shows the projected increase in deaths due to warming in the 3 
summer months (hot season, April-September), the projected decrease in deaths due to 4 
warming in the winter months (cold season, October-March), and the projected net 5 
change in deaths for the 209 U.S. cities examined. These results are based on the 6 
statistical approach of Schwartz et al. (2014) using the GFDL-CM3 and MIROC5 climate 7 
models. They compare future projected deaths to results for the year 2010 while holding 8 
the population constant at year 2010 and without any quantitative adjustment for potential 9 
future adaptation, so that temperature-death relationships observed in the last years of the 10 
available data (2002-2006) are assumed to remain unchanged in projections over the 21st 11 
century. With these assumptions, the figure shows an increasing health benefit in terms of 12 
reduced deaths during the cold season (October-March) over the 21st century from 13 
warming temperatures, while deaths during the hot season (April-September) increase. 14 
Overall, the additional deaths from the warming in the hot season exceed the reduction in 15 
deaths during the cold season, resulting in a net increase in deaths attributable to 16 
temperature over time as a result of climate change. (Figure source: Schwartz et al. 2014)  17 

 18 
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3.1 Key Findings  1 

Exacerbated Ozone Health Impacts  2 

Key Finding 1: Changes to the climate will tend to make it harder for any given regulatory 3 
approach to reduce ground-level ozone pollution in the future as meteorological conditions 4 
become increasingly conducive to forming ozone over most of the United States. Unless offset 5 
by additional emissions reductions, these climate-driven increases in ozone will cause premature 6 
deaths, hospital visits, lost school days, and acute respiratory symptoms. [Likely, High 7 
Confidence] 8 

Worsened Allergy and Asthma Conditions  9 

Key Finding 2: Changes in climate, specifically rising temperatures, altered precipitation 10 
patterns, and increasing atmospheric carbon dioxide, are expected to contribute to increasing 11 
levels of some airborne allergens and associated increases in asthma episodes and other allergic 12 
illnesses, compared to a future without climate change. [High Confidence] 13 

3.2 Introduction  14 
Changes in the climate affect the air we breathe both indoors and outdoors. The changing climate 15 
has modified weather patterns, which in turn have influenced the levels and location of outdoor 16 
air pollutants such as ground-level ozone and fine particulate matter (Bloomer et al. 2009; 17 
Dawson et al. 2014; Leibensperger et al. 2008). Increasing CO2 levels will also promote the 18 
growth of plants that release airborne allergens (aeroallergens). Finally, these changes to outdoor 19 
air quality and aeroallergens may also affect indoor air quality as both pollutants and 20 
aeroallergens infiltrate homes and offices. Taken together, changes in the climate can affect air 21 
quality through three pathways—via outdoor air pollution, aeroallergens, and indoor air 22 
pollution.  23 

Climate change can influence outdoor air pollutant concentrations in many ways. The climate 24 
influences temperatures, cloudiness, humidity, the frequency and intensity of precipitation, and 25 
wind patterns, each of which can influence air quality. At the same time, climate-driven changes 26 
in meteorology can also lead to changes in naturally occurring emissions that influence air 27 
quality (for example, wildfires, wind-blown dust, and biogenic emissions from vegetation). Over 28 
longer time scales, human responses to climate change may also affect the amount of energy 29 
used, as well as how land is used and where people live. These changes would in turn modify 30 
emissions and thus further influence air quality. Although certain pollutants, including ozone, 31 
methane, sulfates, and black carbon, have important feedbacks on climate (Fiore et al. 2012), this 32 
chapter focuses on the human health consequences of changes in air pollution due to climate 33 
change.  34 
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Poor air quality, whether outdoors or indoors, can negatively affect the human respiratory and 1 
cardiovascular systems. Outdoor ground-level ozone poses a range of adverse effects to human 2 
health. Current levels of ground-level ozone have been estimated to be responsible for tens of 3 
thousands of hospital and emergency room visits, millions of cases of acute respiratory 4 
symptoms and school absences, and thousands of premature deaths each year in the United 5 
States (Anenberg et al. 2009; Fann et al. 2012).  6 

A changing climate can also influence the level of aeroallergens such as pollen, which in turn 7 
adversely affect human health. Rising levels of CO2 and resulting climate changes alter the 8 
production, allergenicity (a measure of how much particular allergens, such as ragweed, affect 9 
people), distribution, and seasonal timing of aeroallergens. These changes increase the severity 10 
and prevalence of allergic diseases in humans. Higher pollen concentrations and longer pollen 11 
seasons can increase allergic sensitization and asthma episodes and thereby limit productivity at 12 
work and school. 13 

Finally, climate change may alter the indoor concentrations of outdoor pollutants (such as 14 
ground-level ozone), particulate matter, and aeroallergens (such as pollen). Changes in the 15 
climate may also increase pollutants generated indoors, such as mold and volatile organic 16 
compounds. Most of the air people breathe over their lifetime will be indoors, since people spend 17 
the vast majority of their time in indoor environments. Thus, alterations in indoor air pollutant 18 
concentrations from climate change have important health implications. 19 

[Figure 1. Climate Change and Health—Outdoor Air Quality] 20 

3.3 Climate Impacts on Outdoor Air Pollutants and Health 21 
Changes in the climate affect air pollution levels (Chang et al. 2010, 2014; Fann et al. 2014; 22 
Fiore et al. 2012; Jackson et al. 2010; Kelly et al. 2012; Penrod et al. 2014; Pfister et al. 2014; 23 
Sheffield et al. 2011a, 2011b; Tai et al. 2012; Val Martin et al. 2014). Human-caused climate 24 
change has already increased ozone pollution in some regions of the United States (Bloomer et 25 
al. 2009; Leibensperger et al. 2008), and has the potential to affect future concentrations of ozone 26 
and fine particulate matter (smaller than 2.5 microns in diameter, referred to as PM2.5) as well 27 
(Dawson et al. 2014; Jacob and Winner 2009). Climate change and air quality are both affected 28 
by, and influence, several factors, including the levels and types of pollutants emitted, how land 29 
is used, the chemistry governing how these pollutants form in the atmosphere, and weather 30 
conditions.  31 

3.3.1  Ground-Level Ozone 32 
Ozone levels and subsequent ozone-related health impacts depend on: 1) the amount of 33 
pollutants emitted that form ozone, and 2) the meteorological conditions that help determine the 34 
amount of ozone produced from those emissions. Both of these factors are expected to change in 35 
the future. While the emissions of pollutants that form ozone (that is, ozone “precursors”) are 36 
expected to decrease over the next few decades (EPA 2014), modeling studies that assume a 37 
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changing climate but constant precursor emissions suggest that climate change will result in 1 
meteorological conditions that are more favorable for ozone formation. In the context of trying to 2 
attain national air quality standards for ground-level ozone, these climate-driven changes in 3 
meteorological conditions are collectively referred to as the “climate penalty” (Jacob and Winner 4 
2009; Wu et al. 2008).  5 

Meteorological variables influencing ozone levels include air temperatures, relative humidity, the 6 
amount of vertical mixing in the atmosphere, wind trajectories, cloud cover, and precipitation 7 
(Bloomer et al. 2009; Camalier et al. 2007; Davis et al. 2011; Dawson et al. 2014). Higher 8 
temperatures can increase the chemical rates at which ozone is formed and increase ozone 9 
precursor emissions from both anthropogenic (of human origin) sources and biogenic sources. 10 
Lower relative humidity reduces cloud cover and precipitation, which can promote the formation 11 
of ozone and extend ozone lifetime in the atmosphere. A changing climate will also modify wind 12 
patterns across the United States, which will influence local ozone levels. Over much of the 13 
country, the worst ozone episodes tend to occur when the local air mass does not change over a 14 
period of several days, allowing ozone and ozone precursors levels to build over time (Leung 15 
2005; Zhu and Liang 2013). Climate change is already increasing the frequency of these types of 16 
stagnation events over parts of the United States (Leibensperger et al. 2008), and further 17 
increases are projected (Horton et al. 2012). The amount of vertical mixing in the atmosphere 18 
also influences ozone concentrations near the ground, with highest concentrations typically 19 
occurring in urban areas when there is significant subsidence in the atmosphere to suppress 20 
dilution of pollutants emitted locally (Haman et al. 2014). Conversely, in some rural areas 21 
vertical mixing can have an opposite impact on ozone levels, with deeper mixing layers leading 22 
to more ozone transport from the free-troposphere to the surface (Zhang et al. 2014). 23 

BOX: Ozone 101 24 
Ozone (O3) is a compound that occurs naturally in Earth’s atmosphere but is also formed by 25 
human activities. In the stratosphere (10–50 kilometers above Earth’s surface), O3 prevents 26 
harmful solar ultraviolet radiation from reaching Earth’s surface. Near the surface, however, O3 27 
irritates the respiratory system. Ground-level ozone, a key component of smog, is formed by 28 
chemical interactions between sunlight and pollutants including nitrogen oxides (NOx) and 29 
volatile organic compounds (VOCs). The emissions leading to O3 formation can result from both 30 
human sources (for example, motor vehicles and electric power generation) and natural sources 31 
(for example, vegetation and wildfires). Occasionally, O3 that is created naturally in the 32 
stratosphere can contribute to O3 levels near the surface. Once formed, O3 can be transported by 33 
the wind before eventually being removed from the atmosphere via chemical reactions or by 34 
depositing on the ground.  35 

At any given location, O3 levels are influenced by complex interactions between emissions and 36 
meteorological conditions. Generally, higher temperatures, sunnier skies, and lighter winds lead 37 
to higher O3 concentrations by increasing the rate of chemical reactions and by decreasing the 38 
extent to which pollutants are mixed with “clean” (less polluted) background air.  39 
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Climate change is expected to increase O3 pollution in the future over the United States, in part 1 
due to higher temperatures and more frequent stagnant air conditions (Jacob and Winner 2009). 2 
If these increases are not offset by additional emissions reductions, these climate-driven 3 
increases in ozone will cause premature deaths, hospital visits, lost school days, and acute 4 
respiratory symptoms.  5 

-- end box -- 6 

Aside from the direct meteorological influences, there are also indirect impacts on U.S. ozone 7 
levels from other climate-influenced factors. For instance, in some U.S. locations, transported 8 
ozone can be a significant fraction of the total observed ozone (Dolwick et al. 2015). In remote 9 
upstream areas, water vapor may destroy ozone (Jacobson 2008). Additionally, climate-driven 10 
increases in nitrogen oxides (NOx) created by lightning or increased exchange of naturally 11 
produced ozone in the stratosphere to the troposphere could also affect ozone in these 12 
background-influenced areas. Further, independent of climate change, significant natural inter-13 
annual variability in meteorology will affect local ozone levels. Modeling studies suggest that the 14 
influence of climate change on meteorological parameters like temperature, cloud cover, and 15 
precipitation over the next several decades is expected to be smaller than the natural year-to-year 16 
variability (Rieder et al. 2015).  17 

To address these issues, most assessments of climate impacts on meteorology and associated 18 
ozone formation use “coupled” global and regional chemical transport models over multiple 19 
years. This approach can isolate the influence of meteorology in forming ozone. The consensus 20 
of these model-based assessments is that accelerated rates of photochemical reaction, increased 21 
occurrence of stagnation events, and other direct meteorological influences are likely to lead to 22 
higher levels of ozone (Fann et al. 2014; Fiore et al. 2012; Kelly et al. 2012; Penrod et al. 2014). 23 
These climate-driven changes in ozone may vary by season and location, with climate and air 24 
quality models showing the most consistency in ozone increases due to climate change in the 25 
Northeastern United States (Fiore et al. 2012). In several studies, ozone levels are projected to 26 
decrease as a result of climate change, likely due to localized increases in cloud cover, 27 
precipitation, and/or increased dilution resulting from deeper mixed layers. However, the 28 
aggregate signal across the United States is that ozone will likely increase in a scenario with 29 
unchanged ozone precursors (IPCC 2013). This climate penalty for ozone will offset some of the 30 
expected health benefits that would otherwise result from the expected ongoing reductions of 31 
ozone precursor emissions. 32 

Air pollution epidemiology studies describe the relationship between the historical population 33 
exposure to air pollutants and the risk of adverse health outcomes. A large and growing body of 34 
epidemiology studies finds that populations exposed to ozone air pollution are at greater risk of 35 
dying prematurely, being admitted to the hospital for respiratory hospital admissions, being 36 
admitted to the emergency department, and suffering from aggravated asthma, among other 37 
impacts (Bell et al. 2004; Jerrett et al. 2009; EPA 2013).  38 
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Air pollution health impact assessments combine risk estimates from these epidemiology studies 1 
with modeled changes in future or historical air quality changes to estimate the number of air 2 
pollution-related premature deaths and illness (Hubbell et al. 2009). Studies estimating the future 3 
ozone-related human health impacts attributable to climate change have projected hundreds to 4 
thousands of premature deaths, hospital admissions and cases of acute respiratory illnesses (Fann 5 
et al. 2014; Post et al. 2012; Selin et al. 2009; Tagaris et al. 2009).   6 

The estimated incidence of air pollution-related health impacts that can be attributed to climate 7 
change are sensitive to a number of factors noted above—including the climate models used to 8 
describe meteorological changes (including precipitation and cloud cover), the models 9 
simulating air quality levels, the size of the population exposed, and the health status of that 10 
population (which influences their susceptibility to air pollution) (Post et al. 2012; Riahi et al. 11 
2011; Taylor et al. 2012; van Vuuren et al. 2011).  12 

There is emerging evidence that air pollution can interact with climate-related stressors such as 13 
temperature to affect human health (Jacobson 2008; Jhun et al. 2014; Post et al. 2012; Ren et al. 14 
2008a, 2008b, 2009, 2010; EPA 2013). For example, the risk of dying from ozone exposure may 15 
increase on warmer days (Jhun et al. 2014). 16 

BOX: Research Highlight: Ozone-related health effects 17 

Importance: Ozone is formed in the atmosphere by photochemical reactions of volatile organic 18 
compounds (VOCs) and nitrogen oxides (NOx) in the presence of sunlight. Although U.S. air 19 
quality policies are projected to reduce VOC and NOx emissions, climate change will increase 20 
the frequency of weather patterns conducive to forming ground-level ozone, partially offsetting 21 
the expected improvements in air quality.  22 

Objective: Project the number and regional geographic distribution of additional ozone-related 23 
illnesses and premature deaths in the continental United States due to climate change between 24 
2000 and 2030 under current and projected U.S. air quality policies. 25 

Method: Climate scenarios from two state-of-the-science global climate models (GCMs) were 26 
dynamically downscaled and used with a 2030 emissions projection and a regional chemical 27 
transport model to simulate air quality in the contiguous United States. The resulting changes in 28 
ozone in each scenario were then used to compute regional ozone-related health effects 29 
attributable to climate change. Ozone-related health impacts were estimated using the 30 
environmental Benefits Mapping and Analysis Program—Community Edition (BenMAP-CE). 31 
Population exposure was estimated using projected population data from the Integrated Climate 32 
and Land Use Scenarios (ICLUS). Further details can be found in Fann et al. (2014). 33 

Results: The two downscaled GCM projections result in 1°C to 4°C (1.8°F to 7.2°F) increases in 34 
average daily maximum temperatures and 1 to 5 parts per billion increases in daily 8-hour 35 
maximum ozone at 2030 throughout the continental United States. As seen in previous modeling 36 
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analyses of climate impacts on ozone (Gao et al. 2013; Val Martin et al. 2014), the air quality 1 
response to climate change can vary substantially by region and across scenarios. Unless offset 2 
by additional emissions reductions, this “climate penalty” of increased ozone concentrations due 3 
to climate change would result in tens to thousands of additional ozone-related illnesses and 4 
premature deaths per year.  5 

Conclusions: The consensus in published scientific reports is that future climate change will 6 
result in higher ozone levels in polluted continental regions of the United States. This study adds 7 
to the scientific literature by using: 1) the latest generation of GCM scenarios, and 2) projected 8 
emissions for both 2000-era and 2030-era climate to isolate the impact of climate change on 9 
ozone, using the best available estimate of the chemistry governing ozone formation in the 10 
United States in 2030. In addition, this study represents the most comprehensive analysis of 11 
climate-related ozone-attributable health effects at 2030 and includes not only deaths but also 12 
emergency department admissions for asthma, hospital visits for respiratory causes, acute 13 
respiratory symptoms, and missed days of school. These results are subject to important 14 
uncertainties and limitations. The ozone-climate modeling reflects only the two scenarios (based 15 
on two separate GCMs) considered. Several emissions categories that are important in the 16 
formation of ozone and that could be affected by climate, such as motor vehicles, electrical 17 
generating units, and wildfires, were left unchanged between the current and future periods.  18 

[Figure 2. Projected Change in Temperature, Ozone, and Ozone-Related Premature Deaths in 19 
2030] 20 

[Figure 3. Projected Change in Ozone-related Premature Deaths]  21 

—end box—  22 

3.3.2 Particulate Matter 23 
Particulate matter (PM) is a complex mixture of solid- or liquid-phase substances in the 24 
atmosphere that arise from both natural and human sources. Principal constituents of PM include 25 
sulfate, nitrate, ammonium, organic carbon, elemental carbon, sea salt, and dust. These particles 26 
(also known as aerosols) can either be directly emitted or can be formed in the atmosphere from 27 
gas-phase precursors. PM smaller than 2.5 μm (microns) in diameter (PM2.5) is associated with 28 
serious health effects, including lung cancer, chronic obstructive pulmonary disease (COPD), 29 
and cardiovascular disease (EPA 2009). The elderly have been shown to be particularly sensitive 30 
to short-term particle exposure, with a higher risk of hospitalization and death (Bell and 31 
Dominici 2008).  32 

As is the case for ozone, atmospheric PM2.5 concentrations depend on emissions and on 33 
meteorology. Emissions of sulfur dioxide (SO2) and NOx are projected to decline substantially 34 
over the next few decades due to regulatory controls (EPA 1999; EPA 2011; EPA 2015), which 35 
will lead to reductions in sulfate and nitrate aerosols. There is greater consensus regarding the 36 
effects of climate change on the meteorological drivers of ozone than there is for PM2.5 (Dawson 37 
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et al. 2014). Several factors, such as increased humidity, increased stagnation events, and 1 
increased biogenic emissions, would be likely to increase PM2.5 levels, but, counteracting those 2 
processes, changes in precipitation, atmospheric mixing, and other factors could lead to 3 
decreases in PM2.5 levels (Dawson et al. 2009; Dawson et al. 2014; Fiore et al. 2012). Because of 4 
the strong influence of changes in precipitation and mixing on PM2.5 levels, and because there is 5 
more variability in model projections of those variables, there is no consensus yet on whether 6 
climate change will lead to a net increase or decrease in PM2.5 levels in the United States 7 
(Dawson et al. 2009; Dawson et al. 2014; Fiore et al. 2012; Penrod et al. 2014; Tai et al. 2012; 8 
Trail et al. 2014; Val Martin et al. 2014). As a result, while it is clear that PM2.5 accounts for 9 
most of the health burden of outdoor air pollution in the United States (Fann et al. 2012), the 10 
health effects of climate-induced changes in PM2.5 are poorly quantified. Some studies (Tagaris 11 
et al. 2009) have found that changes in PM2.5 would be the dominant factor in changing health 12 
effects due to climate change, while others have suggested a potentially more significant health 13 
burden from changes in ozone (Jacobson 2008).  14 

However, relatively few studies have taken into account changes in wildfire and dust due to 15 
climate change, both of which may lead to increased levels of PM2.5 (Dawson et al. 2014) (see 16 
also Ch. 7: Extreme Weather, Section 7.7). Wildfires are a major source of carbonaceous PM, 17 
especially in the western United States during summer (Delfino et al. 2009; Künzli et al. 2006; 18 
Park 2003). Because winds carry PM2.5, this air pollution can affect people even far downwind 19 
from the fire location (Melillo et al. 2014). Climate change has already led to an increased 20 
frequency of large wildfires, as well as longer durations of individual wildfires and longer 21 
wildfire seasons in the western United States (Westerling et al. 2006). The area burned by 22 
wildfires in North America is expected to increase dramatically over the 21st century due to 23 
climate change (Keywood et al. 2013). Modeling studies have simulated 40% increases of 24 
organic carbon and 20% increases in elemental carbon aerosol concentrations over the western 25 
United States due to changes in wildfires out to 2050 (Spracklen et al. 2009). Likewise, dust can 26 
be an important constituent of PM, especially in the southwest United States. The severity and 27 
spatial extent of drought has been projected to increase as a result of climate change (Seager et 28 
al. 2007), though the impact of increased aridity on airborne dust PM has not been quantified 29 
(Dawson et al. 2014).  30 

3.4 Climate Impacts on Aeroallergens and Respiratory Diseases 31 
Climate change may alter the production, allergenicity, distribution, and timing of airborne 32 
allergens (aeroallergens). These changes contribute to the severity and prevalence of allergic 33 
disease in humans. The very young, those with compromised immune systems, and the medically 34 
uninsured bear the brunt of asthma and other allergic illnesses. While aeroallergen exposure is 35 
not the sole, or even necessarily the most significant factor associated with allergic illnesses, that 36 
relationship is part of a complex pathway that links aeroallergen exposure to the prevalence of 37 
allergic illnesses, including asthma episodes (Reid and Gamble 2009).  38 
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3.4.1 Aeroallergens and Rates of Allergic Diseases in the United States  1 
Aeroallergens are substances present in the air that, once inhaled, stimulate an allergic response 2 
in sensitized individuals. Aeroallergens include tree, grass, and weed pollen; indoor and outdoor 3 
molds; and other allergenic proteins associated with animal dander, dust mites, and cockroaches 4 
(Kinney 2008). Ragweed is the aeroallergen that most commonly affects persons in the United 5 
States (Bielory et al. 2012).  6 

Allergic diseases develop in response to complex and multiple interactions among both genetic 7 
and non-genetic factors, including the role of a developing immune system, environmental 8 
exposures (such as ambient air pollution or weather conditions), and socioeconomic factors 9 
(AAAAI 2013; Breton et al. 2006; Bartra et al. 2007). Aeroallergen exposure contributes to the 10 
occurrence of asthma episodes, allergic rhinitis or hay fever, sinusitis, conjunctivitis, urticaria 11 
(hives), atopic dermatitis or eczema, and anaphylaxis (a severe, whole-body allergic reaction that 12 
can be life-threatening) (Bielory et al. 2012; Blando et al. 2012). Allergic illnesses, including hay 13 
fever, affect about one third of the U.S. population, and more than 34 million Americans have 14 
been diagnosed with asthma (Reid and Gamble, 2009). These diseases have increased in the 15 
United States over the past 30 years. The occurrence of hay fever as percent of the population 16 
has increased from 10% of the population in 1970 to 30% in 2000 (Bielory et al. 2012). Asthma 17 
has increased from approximately 8 to 55 cases per 1,000 persons to approximately 55 to 90 18 
cases per 1,000 persons over that same time period (EPA 2008); however, there is variation in 19 
reporting of active cases of asthma as a function of geography and demographics (Lawson and 20 
Senthilselvan, 2005).  21 

3.4.2 Climate Impacts on Aeroallergen Characteristics  22 
Climate change contributes to changes in allergic illnesses as greater concentrations of CO2, 23 
together with higher temperatures and changes in precipitation, extend the start or duration of the 24 
growing season, increase the quantity and allergenicity of pollen, and expand the spatial 25 
distribution of pollens (Beggs 2004; Beggs and Bambrick 2005; Bielory et al. 2012; D’Amato et 26 
al. 2013; Albertine et al. 2014).  27 

Historical trends show that climate change has led to changes in the length of growing season for 28 
certain allergenic pollens. For instance, the duration of pollen release for Ambrosia artemisiifolia 29 
(common ragweed) has been increasing as a function of latitude in recent decades in the 30 
Midwestern region of North America (see Figure 4). Latitudinal effects on increasing season 31 
length were associated primarily with a delay in first frost during the fall season and lengthening 32 
of the frost-free period (Ziska et al. 2011). Studies in controlled indoor environments find that 33 
increases in temperature and CO2 result in earlier flowering, greater floral numbers, greater 34 
pollen production, and increased allergenicity in common ragweed (Rogers et al. 2006; Singer et 35 
al. 2005). In addition, studies using urban areas as proxies for both higher CO2 and higher 36 
temperatures demonstrate earlier flowering of pollen species, which may lead to a longer total 37 
pollen season (Neil and Wu 2006, George et al. 2007, Roetzer et al. 2000). 38 
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For trees, earlier flowering associated with higher winter and spring temperatures has been 1 
observed over a fifty-year period for oak (Garcia-Mozo et al. 2006). Research on loblolly pine 2 
(Pinus taeda) also demonstrates that elevated CO2 could induce earlier and greater seasonal 3 
pollen production (LaDeau and Clark 2006). Annual birch (Betula) pollen production and peak 4 
values from 2020 to 2100 are projected to be 1.3 to 2.3 times higher, relative to average values 5 
for 2000, with the start and peak dates of pollen release advancing by two to four weeks (Zhang 6 
et al. 2013).  7 

3.4.3  Climate Variability and Effects on Allergic Diseases 8 
Climate change related alterations in local weather patterns, including changes in minimum and 9 
maximum temperatures and rainfall, affect the burden of allergic diseases (D’Amato and Cecchi 10 
2008; D’Amato et al. 2011; Shea et al. 2008). The role of weather on the initiation or 11 
exacerbation of allergic symptoms in sensitive persons is not well understood (Breton et al. 12 
2006; D’Amato et al. 2010). So-called “thunderstorm asthma” results as allergenic particles are 13 
dispersed through osmotic rupture, when cell membranes burst. Pollen grains may, after contact 14 
with rain, release part of their cellular contents, including allergen-laced fine particles. Increases 15 
in intensity and frequency of heavy rainfall and storminess over the coming decades is likely to 16 
be associated with spikes in aeroallergen concentrations and the potential for related increases in 17 
the number and severity of allergic illnesses (Cecchi et al. 2010; D’Amato et al. 2007). 18 

Potential non-linear interactions between aeroallergens and ambient air pollutants (including 19 
ozone, nitrogen dioxide, sulfur dioxide, and fine particulate matter) may increase health risks for 20 
people who are simultaneously exposed (D’Amato et al. 2001; D’Amato 2002; D’Amato et al., 21 
2005; Cecchi et al. 2010; Atkinson 2004; Zhong et al., 2006; Bartra et al. 2007; Shea et al. 2008; 22 
Blando et al. 2012). In particular, pre-exposure to air pollution (especially ozone or fine 23 
particulate matter) may magnify the effects of aeroallergens, as prior damage to airways may 24 
increase the permeability of mucous membranes to the penetration of allergens (Cakmak et al. 25 
2012).  26 

3.5 Climate Impacts on Indoor Air Quality and Health: An Emerging Issue  27 
Climate change may worsen existing indoor air problems and create new problems by altering 28 
outdoor conditions that affect indoor conditions, and by increasing support for pests, infectious 29 
agents and disease vectors that can migrate indoors (IOM 2011). Climate change can also lead to 30 
changes in the mixing of outdoor and indoor air. Reduced mixing of outdoor and indoor air 31 
limits penetration of outdoor pollutants into the indoors, but contrastingly leads to higher 32 
concentrations of pollutants that are generated indoors since their dilution by outdoor air is 33 
decreased. 34 

Indoor air contains a complex mixture of chemical and biological pollutants or contaminants. 35 
Contaminants that can be found indoors include carbon monoxide (CO), fine particles (PM2.5), 36 
nitrogen dioxide, formaldehyde, radon, mold, and pollen. Indoor air quality will vary from 37 
building to building and over the course of a day in an individual building. 38 
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Public and environmental health professionals have known for decades that poor indoor air 1 
quality is associated with adverse respiratory and other health effects (IOM 1993; IOM 2000; 2 
IOM 2004; WHO 2009; WHO 2010; IOM 2011). Since most people spend about 90% of their 3 
time indoors (Ott 1989; Klepeis et al. 2001; Riley et al. 2002; Bennett and Koutrakis 2006; 4 
Wallace 1996), much of their exposures to airborne pollutants (both those influenced by climate 5 
change and those driven by other factors) happen indoors. 6 

3.5.1 Outdoor Air Changes Reflected in Indoor Air  7 
Indoor air pollutants may come from indoor sources or may be transported into the building with 8 
outdoor air (Brennan et al. 2002; Stephens and Seigel 2012). Indoor pollutants of outdoor origin 9 
may include ozone, dust, pollen, and fine PM (PM2.5). Even if a building has an outdoor air 10 
intake, some air will enter the building through other openings, such as open windows or under 11 
doors, bypassing any filters and bringing outdoor air pollutants inside (Persily et al. 2010). 12 
Larger particles or more chemically reactive pollutants (such as ozone) will often enter buildings 13 
at lower rates than smaller particles and less reactive pollutants. If there are changes in airborne 14 
pollutants of outdoor origin such as pollen and mold (see 3.4) and fine PM from wildfires (see 15 
3.3.2), there will be changes in indoor exposures to these contaminants. Although indoor fine PM 16 
levels from wildfires are typically lower than outdoors (about 50%), because people spend most 17 
of their time indoors, most of their exposure to and health effects from wildfire particles (about 18 
80%) will come from particles inhaled indoors (Fisk 2015). Climate-induced changes in indoor-19 
outdoor temperature differences may somewhat reduce the overall intake of outdoor pollutants 20 
into buildings for certain regions and seasons (Ilacqua et al. 2014, see research highlight).  21 

Indoors, ozone is usually about 10% to 50% lower than outdoors; however, since people spend 22 
most of their time indoors, most of their exposure to ozone is from indoor air (Fisk 2015). Thus, 23 
about 45% to 75% of a person’s overall exposure to ozone will occur indoors (Weschler 2006). 24 
About half of the health effects resulting from any outdoor increases in ozone (see 3.3.1) will be 25 
due to indoor ozone exposures (Fisk 2015). The elderly have been shown to be particularly 26 
sensitive to short-term ozone exposure; however, they may spend even more time indoors than 27 
the general population and consequently have lower exposure to ozone than the general public 28 
(Bell et al. 2014).  29 

BOX: Research Highlight: Infiltration and Indoor air  30 

Importance: Indoor and outdoor air are constantly mixing as air flows through small cracks and 31 
openings in buildings (infiltration) in addition to any open doors, windows, and vents. Infiltration 32 
or air exchange is driven by differences in indoor and outdoor air temperature and by wind. The 33 
greater this air exchange, the more similar the composition of indoor and outdoor air, since there 34 
is greater mixing of outdoor and indoor air. Lower air exchange rates accentuate the impact of 35 
indoor sources while reducing that of some outdoor pollution. As climate change increases the 36 
average temperature of outdoor air, infiltration driven by temperature differences will change as 37 
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well, modifying exposure to indoor and outdoor air pollution sources, while indoor air continues 1 
to be maintained at the same comfortable temperatures. 2 

Objective: Project the relative change in infiltration and its effects on exposure to indoor and 3 
outdoor air pollution sources for different climates in the United States, between a late-20th 4 
century reference and the middle of the current century.  5 

Method: The infiltration change projected for 2040−2070 compared to 1970−2000 was modeled 6 
using temperatures and wind speeds from eight global-regional model combinations for nine 7 
U.S. cities (Atlanta, Boston, Chicago, Houston, Los Angeles, Minneapolis, New York, Phoenix, 8 
and Seattle). Indoor temperatures were assumed unchanged between these two periods. Further 9 
details can be found in Ilacqua et al. 2015. 10 

Results: As average yearly temperatures across the continental United States are generally below 11 
comfortable indoor temperatures, model results indicate that infiltration is projected to be 12 
reduced by about 5%, averaged across cities, seasons, and climate models. Exposure to some 13 
pollutants emitted indoors would correspondingly increase, while exposure to some outdoor air 14 
pollutants would moderate somewhat. Projections vary, however, between location, seasons, and 15 
climate models. In the warmer cities, infiltration during summer months would rise by up to 25% 16 
in some models, raising peak exposures to ozone and other related pollutants just when their 17 
concentrations are typically highest. Predictions of different models are less consistent for 18 
summer months, however, than for the rest of the year. 19 

Conclusions: This study offers a modeling analysis of the potential shifts in exposure to indoor 20 
and outdoor air pollution sources driven by a changing climate. Because of its novelty and lack 21 
of additional evidence, the study results should be considered as suggestive of an emerging issue. 22 
If replicated by other studies, these findings would add to the evidence on climate change 23 
potential for altering indoor air quality and further emphasize the impact of indoor air sources on 24 
human health. The overall implications of these findings for exposure to ambient and indoor air 25 
pollution remain uncertain at present, as they need to be considered along with other 26 
determinants of air exchange, such as window-opening behavior, whose relationship with 27 
climate change remains poorly characterized.  28 
-- end box-- 29 

3.5.2 Building and Infrastructure Effects 30 
A substantial body of information describes how the outdoor environment affects the indoor 31 
environment under different climatic conditions, and on how indoor air affects human health 32 
(IOM 2011). Although research directly linking indoor dampness and climate change is not 33 
available, information on building science, climate change, and outdoor environmental factors 34 
that affect indoor air quality can be used to project how climate change may influence indoor 35 
environments (Fisk 2015). Climate change could potentially result in increased indoor dampness 36 
in at least two manners: 1) if there are more frequent heavy precipitation events and other severe 37 
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weather events (including high winds and flooding) that result in damage to buildings that allows 1 
water or moisture entry, and 2) if outdoor humidity rises with climate change, indoor humidity 2 
and the potential for indoor condensation and indoor dampness will likely rise. Outdoor humidity 3 
is usually the largest contributor to indoor dampness on a yearly basis (Brennan et al. 2002). This 4 
increased indoor dampness and humidity will in turn increase indoor mold, dust mites, bacteria, 5 
and other bio-contamination indoors, as well as increase levels of volatile organic compounds 6 
(VOCs) and other chemicals resulting from the off-gassing of damp or wet building materials 7 
(IOM 2004; IOM 2011). Dampness and mold in U.S. homes are linked to approximately 4.6 8 
million cases of worsened asthma and between 8% and 20% of several common respiratory 9 
infections, such as acute bronchitis (Mudarri and Fisk 2007). If there are climate-induced rises in 10 
indoor dampness, there could be increases in adverse health effects related to indoor dampness 11 
and mold, such as asthma exacerbation.  12 

Additionally, power outages due to more frequent extreme weather events could potentially lead 13 
to a number of health effects. Heating, ventilation, and air conditioning (HVAC) systems will not 14 
function without power; therefore, many buildings could have difficulty maintaining indoor 15 
temperatures or humidity. Loss of ventilation and humidity control can lead to indoor mold 16 
growth and increased levels of indoor contaminants (Seltenrich 2012), including volatile organic 17 
compounds (VOCs) such as formaldehyde (Parthasarathy et al. 2011; Norback et al. 2000; IOM 18 
2004; Markowicz and Larsson 2014). Power outages are also associated with increases in 19 
hospital visits from carbon monoxide poisoning, primarily due to the incorrect use of backup 20 
generators and portable generators that contaminate indoor air with carbon monoxide (Nazaroff 21 
2013). There were at least nine deaths from carbon monoxide poisoning related to power outages 22 
from 2000-2009 (CDC 2011). 23 

3.6  Populations of Concern 24 
Certain groups of people may be more susceptible to harm from air pollution due to factors 25 
including age, access to healthcare, baseline health status, or other characteristics (Sacks et al. 26 
2011). African-Americans, women, and the elderly experience the greatest baseline risk from air 27 
pollution (Medina-Ramón and Schwartz 2007). The young, older adults, asthmatics, and people 28 
whose immune systems are compromised are more vulnerable to indoor air pollutants than the 29 
general population. 30 

Nearly 4.8 million children in the United States are affected by asthma, making it the major 31 
chronic disease of childhood. It is also the main cause of school absenteeism and hospital 32 
admissions among children (Kinney 2008). In 2005, 8.9% of American children ages 2 to 17 33 
years were reported to have asthma. The inception of the disease in children occurs at a critical 34 
juncture between early allergen exposure and viral infections acting in concert with genetic 35 
susceptibility (Gelfand 2009). Children can be particularly susceptible to allergens due to their 36 
immature respiratory and immune systems, as well as indoor or outdoor activities that contribute 37 
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to aeroallergen exposure (see Table 1) (DellaValle et al. 2012; Ebi and Paulson 2007; Gelfand 1 
2009).  2 

Race has been associated with higher indoor allergen exposures, less frequent or ill-advised 3 
medication use, and limited access to health care (DellaValle et al. 2012). A recent study of 4 
children in California found that racial and ethnic minorities are more affected by asthma. 5 
Among minority children, the prevalence of asthma varies with the highest rates among African-6 
Americans and American Indians/Alaska Natives (17%), followed by non-Hispanic whites 7 
(10%), Latinos (7%), and Asians (7%). Minorities also bear a disproportionate burden associated 8 
with asthma as measured by emergency department visits, lost work and school days, and overall 9 
poorer health status (see Table 1) (Brim et al. 2008; Meng et al. 2007). 10 

A multi-state analysis (Alabama, California, Illinois, and Texas) from 2003−2004 found that 11 
twice as many black children had asthma-related emergency department visits and 12 
hospitalizations compared with white children. Fewer black and Hispanic children reported using 13 
inhaled corticosteroids (ICS) as compared to white children. Black and Hispanic children also 14 
had more poorly controlled asthma symptoms, leading to increased emergency department visits 15 
and greater use of rescue medications rather than routine daily use of ICS, regardless of symptom 16 
control (Crocker et al. 2009). 17 

Poor children were 1.75 times more likely to be hospitalized for asthma than their non-poor 18 
counterparts. When income is controlled, no significant difference was observed in the rate of 19 
hospital admissions by race or ethnicity. This income effect may be related to access and use of 20 
health care and appropriate use of preventive medications such as inhaled corticosteroids (Miller 21 
2000).  22 

People with pre-existing medical conditions—including hypertension, diabetes, and chronic 23 
obstructive pulmonary disorder—are at greater risk for air pollution-related health effects than 24 
the general population (Peel et al. 2007). Populations with irregular heartbeats (atrial fibrillation) 25 
who were exposed to air pollution and high temperatures experienced greater risk than the 26 
general population (Medina-Ramón and Schwartz 2008). People who live or work in buildings 27 
without air conditioning and other ventilation controls or in buildings that are unable to 28 
withstand extreme precipitation or flooding events are at greater risk of adverse health effects. 29 
Other health risks are related to exposures to poor indoor air quality from mold and other 30 
biological contaminants and chemical pollutants emitted from wet building materials. While the 31 
presence of air conditioning has been found to greatly reduce the risk of ozone-related deaths, 32 
communities with a higher percentage of unemployment and a greater population of African-33 
Americans were at greater risk (Bell et al. 2007). 34 

3.7 Research Needs 35 
Better projections of climate-dependent variables like wildfires and land-use patterns, to which 36 
air quality is extremely sensitive, would aid in determining ozone and especially PM2.5 impacts. 37 
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More research is needed to better characterize the risks to human health from climate-induced air 1 
quality changes, including: identification of climate-related factors such as temperature or 2 
relative humidity that interact with air pollution to affect population risk (such as Jhun et al. 3 
2014; Ren et al. 2009); attribution of the air pollution health burden to climate change in a 4 
framework that accounts for other sources of risk (e.g., Murray et al. 2012); and accounting for 5 
the influence of climate change when projecting either the size and distribution or the baseline 6 
health status of the population.  7 

Further research is needed on the impacts of climate change on indoor air pollutants and health, 8 
including research on indoor contaminants that may be affected by climate-induced changes in 9 
indoor dampness, such as mold and other biological contaminants and VOCs. Research is also 10 
needed on how climate change influences populations and geographical distribution of pathogens 11 
and pests associated with ill health, including those that lead to indoor allergen exposure. Of 12 
particular interest is the prevalence and geographic distribution of hantavirus in the mouse 13 
population and indoor transmission of hantavirus by mice that colonize indoor environments. 14 
More research is also needed to assess the impact of climate change on Legionella bacteria and 15 
on how climate change may impact Legionella’s colonization of indoor water sources and its 16 
transmission to humans via indoor exposures.  17 

Finally, with respect to research needs that focus on threats from exposures to aeroallergens, 18 
there are recognized gaps in disease surveillance and data collection, including measurements of 19 
daily aeroallergen concentrations; in monitoring and modeling aeroallergen and ecosystem 20 
dynamics across geographic and time scales; in understanding the synergistic effects from 21 
simultaneous exposure to aeroallergens and ambient air pollutants; and in improving methods for 22 
quantifying the costs of illnesses, including lost productivity (Reid and Gamble 2009; Beggs 23 
2004, 2010; Canova et al. 2013; Cecchi et al. 2010; Kinney 2008; Selgrade et al. 2006).  24 

  25 
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3.8 Traceable Accounts 1 
The team developed the key findings during an all-day meeting at the U.S. Environmental 2 
Protection Agency National Center for Environmental Assessment in Crystal City, Virginia, on 3 
October 15th, 2014. A quorum of the authors participated and represented each of the three 4 
sections of the chapter—outdoor air quality, aeroallergens, and indoor air quality. These 5 
discussions were informed by the results of the literature review as well as the outdoor air quality 6 
and indoor air quality-focused manuscripts then under development. 7 

Exacerbated Ozone Health Impacts 8 

Key Finding 1: Changes to the climate will tend to make it harder for any given regulatory 9 
approach to reduce ground-level ozone pollution in the future as meteorological conditions 10 
become increasingly conducive to forming ozone over most of the United States.  Unless offset 11 
by additional emissions reductions, these climate-driven increases in ozone will cause premature 12 
deaths, hospital visits, lost school days, and acute respiratory symptoms. [Likely, High 13 
Confidence] 14 

Description of Evidence Base 15 
The Intergovernmental Panel on Climate Change (IPCC) has concluded that warming of the 16 
global climate system is unequivocal and that continued increases in greenhouse gas emissions 17 
will cause further temperature increases (IPCC 2013).  At the same time, there is a well-18 
established relationship between measured temperature and monitored peak ozone levels in the 19 
United States. (Bloomer et al. 2009; Camalier et al. 2007). Numerous climate and air quality 20 
modeling studies have also confirmed that increasing temperatures, along with other changes in 21 
meteorological variables, are likely to lead to higher peak ozone levels in the future over the 22 
United States (Jacob and Winner 2009), if ozone precursor emissions remain unchanged. 23 

Risk assessments, using concentration-response relationships from the epidemiological literature 24 
and modeled air quality data, have projected substantial health impacts associated with climate-25 
induced changes in air quality (Bell et al. 2007; Jacobson 2008; Post et al. 2012; Selin et al. 26 
2009; Tagaris et al. 2009; Fann et al. 2014). This literature reports a range of potential changes in 27 
ozone-related non-accidental mortality due to modeled climate change between the present and 28 
2030 and 2050, depending upon the scenario modeled, the climate and air quality models used, 29 
and assumptions about the concentration-response function and future populations. Many of the 30 
studies (Post et al. 2012; Fann et al. 2015) suggest that perhaps hundreds to thousands of 31 
premature deaths could occur in the future due to climate change. At the same time, hundreds of 32 
thousands of days of missed school and hundreds of thousands to millions of cases of acute 33 
respiratory symptoms also result from the climate-driven ozone increases. 34 

Major Uncertainties 35 
Climate projections are driven by greenhouse gas emission scenarios, which vary substantially 36 
depending on assumptions for economic growth and climate change mitigation policies. There is 37 
significant internal variability in the climate system, which leads to uncertainties in climate 38 
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projections over relatively short timeframes, particularly on a regional basis. Climate-driven 1 
changes in ozone concentrations depend on the location and magnitude of indirect changes in 2 
emissions (e.g., wildfires, human activity), which themselves are uncertain, so as a result the 3 
health effects of changes in ozone are also uncertain. Studies projecting human health impacts 4 
apply concentration-response relationships from existing epidemiological studies characterizing 5 
historical air quality changes; it is unclear how future changes in the relationship between air 6 
quality, population exposure, and baseline health may affect the concentration-response 7 
relationship. Finally, these studies do not account for the possibility of a physiological 8 
interaction between air pollutants and temperature, which could lead to increases or decreases in 9 
air pollution-related deaths and illnesses. 10 

Assessment of confidence and likelihood based on evidence 11 
Given the known relationship between temperature and ozone, as well as the numerous air 12 
quality modeling studies that suggest climate-driven meteorological changes will yield 13 
conditions more favorable for ozone formation in the future, there is high confidence that ozone 14 
levels will increase due to climate change, unless offset by reductions in ozone precursor 15 
emissions. Based on observed relationships between ozone concentrations and human health 16 
responses, any climate-driven increases in ozone will cause additional cases of premature 17 
mortality, as well as increasingly frequent cases of hospital visits and lost school days due to 18 
respiratory impacts. Ozone concentrations will continue to vary from year to year due to natural 19 
variability in the climate system. However, if ozone precursor emissions are not reduced, 20 
multiple multi-year modeling ensembles suggest that higher ozone concentrations are likely in 21 
the future due to the influence of climate change. 22 

Worsened Allergy and Asthma Conditions  23 

Key Finding 2: Changes in climate, specifically rising temperatures, altered precipitation 24 
patterns, and increasing atmospheric carbon dioxide, are expected to contribute to increasing 25 
levels of some airborne allergens and associated increases in asthma episodes and other allergic 26 
illnesses, compared to a future without climate change. [High Confidence]  27 

Description of evidence base 28 
Allergic diseases impact about one-third of the American population and are the sixth most 29 
costly chronic illnesses in the United States (AAAAI 2013). They are also associated with 30 
significant direct health care costs, burdens on overall well-being and decreased school or work 31 
productivity (Reid and Gamble 2009). Because economic impacts of allergic diseases associated 32 
with aeroallergens and the quality-of-life impacts on individuals who experience those illnesses 33 
are increasing, any climate-related enhancement in observed trends is of interest. 34 

A 2009 nationwide survey reported that 54.6% of the people in the United States test positive for 35 
an allergic response to one or more allergens. More than 34 million Americans have been 36 
diagnosed with asthma and cases per 1,000 persons have increased from 8–55 cases to 37 
approximately 55–90 cases per 1,000 persons from 1970 through 2000 (EPA 2008). Nearly 4.8 38 
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million children in the United States are affected by asthma: the major chronic disease of 1 
childhood. It is also the main cause of school absenteeism and hospital admissions among 2 
children. In 2005, 8.9% of American children ages 2 to 17 years were reported to have asthma 3 
(Kinney 2008; Gelfand 2009).  4 

For plant-based aeroallergens, it is hypothesized that climate change will contribute to observed 5 
increases in the prevalence of allergic illnesses. Exposures to higher concentrations of CO2 6 
together with rising temperatures and precipitation may increase the biomass and allergenicity of 7 
pollen, its spatial distribution, and an increased duration of the growing season, all of which may 8 
contribute to aeroallergen exposures that exacerbate allergic illnesses (Beggs 2004; Beggs and 9 
Bambrick 2005; Bielory 2012; D’Amato et al. 2013; Albertine et al. 2014). 10 

Major Uncertainties 11 
The interrelationships between climate variability and aeroallergens are complex. Differences in 12 
findings from across the relevant scientific literature may be due to study designs, references to 13 
certain species of pollen, geographic characteristics, climate variables, and degree of allergy 14 
sensitization (D’Amato and Cecchi 2008). There is need for better understanding of the role of 15 
climate change as it contributes to aeroallergen-related disease, especially asthma (Beggs 2004).  16 

Standardized approaches need to be developed for measuring exposures and tracking outcomes 17 
across allergic illnesses, vulnerable populations, and geographic proximity to risks (Selgrade et 18 
al. 2006). 19 

While numbers of patients with an asthma diagnoses have increased in all regions of the United 20 
States, some studies have shown a possible stabilizing of asthma prevalence. To date, these 21 
studies do not show consistent results across geographic regions or demographic characteristics, 22 
but do indicate some variation in reporting of active asthma cases (Lawson and Senthilselvan 23 
2005). 24 

Assessment of confidence and likelihood based on evidence  25 
The scientific literature suggests that there is high confidence that changes in climate, including 26 
rising temperatures and altered precipitation patterns, will affect the concentration, allergenicity, 27 
season length, and spatial distribution of a number of aeroallergens, and these changes may 28 
impact the prevalence of some allergic diseases, including asthma attacks. 29 

  30 
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3.10 Tables and Figures 1 
Table 1: Percentage of population with active asthma, by year and selected characteristics: United States, 2001 and 2 
2010. Source: Centers for Disease Control and Prevention. National Center for Health Statistics. National 3 
Surveillance of Asthma: United States, 2001-2010. Vital and Health Statistics, Series 3, Number 35: November 4 
2012. 5 

Characteristic  Year 2001 % Year 2010 % 

Total 7.3 8.4 

Gender     

Male 6.3 7.0 

Female 8.3 9.8 

Race  
White 7.2 7.8 

Black 8.4 11.9 

Other 7.2 8.1 

Ethnicity     

Hispanic 5.8 7.2 

Non-hispanic 7.6 8.7 

Age  
Children (0-17) 8.7 9.3 

Adults (18 and older) 6.9 8.2 

Age Group     

0-4 years 5.7 6.0 

6-14 years 9.9 10.7 

15-34 years 8.0 8.6 

35-64 years 6.7 8.1 

65 years and older 6.0 8.1 

Region  
Northeast 8.3 8.8 

Midwest 7.5 8.6 

South 7.1 8.3 

West 6.7 8.3 

Federal Poverty Threshold     

Below 100% 9.9 11.2 

100% to < 250% 7.7 8.7 

250% to < 450% 6.8 8.2 

450% or higher 6.6 7.1 

 6 

 7 

 8 

  9 



USGCRP Climate and Health Assessment  Chapter 3: Air Quality 
Draft for Public Comment  April 7, 2015   

Draft for Public Comment. Do Not Cite or Quote.  117 

Figure 1. Climate Change and Health—Outdoor Air Quality 1 

 2 

Caption: Conceptual diagram illustrating the exposure pathways by which climate 3 
change influences human health and outdoor air quality. The central blue pathway 4 
includes selected examples of climate drivers, the pathways by which humans are 5 
exposed to health threats from those drivers, and the resulting health outcomes. The 6 
orange path to the left indicates selected examples of factors that are not aspects of 7 
climate change but that can affect human vulnerability to health impacts of climate 8 
change. The green path to the right indicates additional risk factors that may increase 9 
human vulnerability to health impacts of outdoor air quality. 10 

 11 

 12 
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  1 

(Figure source: Fann et al. 2014)2 
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Figure 3. Projected Change in Ozone-related Premature Deaths 1 

 2 

(Figure source: Fann et al. 2014) 3 
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Figure 4: Ragweed Pollen Season Lengthens 1 

 2 

Figure 4: Ragweed pollen season length has increased in central North America between 1995 3 
and 2011 by as much as 11 to 27 days in parts of the United States and Canada in response to 4 
rising temperatures. Increases in the length of this allergenic pollen season are correlated with 5 
increases in the number of days before the first frost. The largest increases have been observed in 6 
northern cities.  (Figure source: Melillo et al. 2014. Photo credit: Lewis Ziska, USDA).  7 
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4.1 Key Findings 1 

Changing Distributions of Vectors and Vectorborne Diseases 2 

Key Finding 1: Climate change is expected to alter the geographic and seasonal distributions of 3 
existing vectors and vectorborne diseases. [Likely, High Confidence] 4 

Earlier Tick Activity and Northward Range Expansion 5 

Key Finding 2: Ticks capable of carrying the bacteria that cause Lyme disease and other 6 
pathogens will show earlier seasonal activity and a generally northward expansion in their 7 
habitat range in response to increasing temperatures associated with climate change [Likely, High 8 
Confidence]. Longer seasonal activity and expanding geographic range of these ticks may 9 
increase the risk of human exposure to ticks [Low Confidence].  10 

Climate-Driven Mosquito-Borne Disease Dynamics 11 

Key Finding 3: Rising temperatures, changing precipitation patterns, and a higher frequency of 12 
some extreme weather events associated with climate change will influence the distribution, 13 
abundance, and infection rate of mosquitoes that transmit West Nile virus and other pathogens 14 
by altering habitat availability and mosquito and viral reproduction rates [Extremely Likely, High 15 
Confidence]. Alterations in the distribution, abundance, and infection rate of mosquitoes may 16 
increase human exposure to bites from infected mosquitoes, which may increase risk for human 17 
disease [Low Confidence]. 18 

Climate and Non-Climate Factors Determine Human Vulnerability 19 

Key Finding 4: Non-climate factors that affect vulnerability to vectorborne disease (such as age, 20 
gender, socioeconomic status, geography, and occupation) also influence risk for disease 21 
occurrence. [High Confidence]  22 

Emergence of New Vectorborne Pathogens   23 
Key Finding 5: Climate change will interact with other driving factors (such as travel-related 24 
exposures or evolutionary adaptation of invasive vectors and pathogens) to influence the 25 
emergence or re-emergence of vectorborne pathogens. [High Confidence]  26 
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4.2 Introduction   1 
Vectorborne diseases are illnesses that are transmitted by vectors, which include mosquitoes, 2 
ticks, and fleas. These vectors can carry infective pathogens such as viruses, bacteria, and 3 
protozoa, which can be transferred from one host (carrier) to another. In the United States, there 4 
are currently 14 vectorborne diseases that are of great public health concern. These diseases 5 
account for a significant number of human illnesses and deaths each year and are required to be 6 
reported to the National Notifiable Diseases Surveillance System at the Centers for Disease 7 
Control and Prevention (CDC) (CDC 2014b). In 2013, the most recent reporting year, state and 8 
local health departments reported 51,258 vectorborne disease cases to the U.S. CDC (Table 1). 9 

Table 1. Summary of Reported Case Counts of Notifiable1 Vectorborne Diseases in the 10 
United States.   11 

Diseases 2013 Reported 
Cases 

Median (range) 2004-20133 

Tickborne    
   Lyme disease 36,307 30,495 (19,804-38,468) 
   Spotted Fever Rickettsia  3,359 2,255 (1,713-4,470) 
   Anaplasmosis/ Ehrlichiosis 4,551 2,187 (875-4,551) 
   Babesiosis3  1,792 1,128 (940-1,792) 
   Tularemia 203 136 (93-203) 
Mosquitoborne   
   West Nile virus 2,469 1,913 (712-5,673) 
   Malaria2  1,594 1,484 (1,255-1,773) 
   Dengue2, 3  843 624 (254-843) 
   California serogroup viruses 112 78 (55-137) 
   St. Louis encephalitis 1 10 (1-13) 
   Powassan  15 7 (1-16) 
   Eastern Equine Encephalitis 8 7 (4-21) 
Fleaborne    
   Plague  4 4 (2-17) 

1 State Health Departments are required by law to report regular, frequent, and timely 12 
information about individual cases to the CDC in order to assist in the prevention and 13 
control of diseases. Case counts are summarized based on annual reports of nationally 14 
notifiable infectious diseases (CDC 2005, 2006, 2007, 2008, 2009, 2010a, 2011, 2012, 15 
2013a, 2014b). 16 

2 Primarily acquired outside of the United States and based on travel related exposures. 17 

3 Babesiosis and dengue were added to the list of nationally notifiable diseases in 2011 18 
and 2009, respectively. Median and range values encompass cases report from 2011 to 19 
2013 for babesiosis and 2010-2013 for dengue. 20 

Caption: Vectors and hosts involved in the transmission of these disease agents are 21 
sensitive to climate change and other environmental factors which, together, influence 22 



USGCRP Climate and Health Assessment  Chapter 4: Vectorborne Diseases 
Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  125 

vectorborne diseases by influencing one or more of the following: vector and host 1 
survival, reproduction, development, activity, distribution, and abundance; pathogen 2 
development, replication, maintenance, and transmission; geographic range of pathogens, 3 
vectors, and hosts; human behavior; and disease outbreak frequency, onset, and 4 
distribution (Gage et al. 2008).  5 

The seasonality, distribution, and prevalence of vectorborne diseases are influenced significantly 6 
by climate factors, primarily high and low temperature extremes and precipitation patterns (Gage 7 
et al. 2008). Climate change can result in modified weather patterns and an increase in extreme 8 
events (see Ch. 1: Introduction) that can affect disease outbreaks by altering biological variables 9 
such as vector population size and density, vector survival rates, the relative abundance of 10 
disease-carrying hosts, and pathogen reproduction rates. Collectively, these changes may 11 
contribute to an increase in the risk of the disease being carried to humans. 12 

Climate change is likely to have both short- and long-term effects on vectorborne disease 13 
transmission and infection patterns, affecting both seasonal risk and broad geographic changes in 14 
disease occurrence over decades. However, models for predicting the effects of climate change 15 
on vectorborne diseases are subject to a high degree of uncertainty, largely due to two factors: 1) 16 
vectorborne diseases are maintained in nature in complex transmission cycles that involve 17 
vectors, other intermediate animal (zoonotic) carriers, and humans, and 2) there are a number of 18 
other significant social and environmental drivers of vectorborne disease transmission in addition 19 
to climate change. For example, while climate variability and climate change both alter the 20 
transmission of vectorborne diseases, they will likely interact with many other factors, including 21 
how pathogens adapt and change, human susceptibility to infection, changing ecosystems, and 22 
human demographics and behavior (IOM 2003). These complex interactions make it difficult to 23 
predict the effects of climate change on vectorborne diseases. 24 

The risk of introducing exotic pathogens and vectors not currently present in the United States, 25 
while likely to occur, is similarly difficult to project quantitatively (Jones et al. 2008; Rosenberg 26 
et al. 2013). In recent years, several important vectorborne pathogens have been introduced or 27 
reintroduced into the United States. These include West Nile virus, dengue virus, and 28 
chikungunya virus. In the case of the 2009 dengue outbreak in southern Florida (Radke et al. 29 
2012), climate change was not responsible for the reintroduction of the virus in this area, which 30 
arrived via infected travelers from disease-endemic regions of the Caribbean. In fact, vector 31 
populations capable of transmitting dengue have been present for many years throughout much 32 
of the southern United States, including Florida. Climate change has the potential to increase 33 
human exposure risk or disease transmission following shifts in extended spring and summer 34 
seasons as dengue becomes more established in the United States. Climate change effects, 35 
however, are difficult to quantify due to other factors that reduce exposure, such as the use of air 36 
conditioning, screens on windows, and vector control public health practices.  37 

Here, we present case studies of Lyme disease and West Nile virus infection in relation to 38 
weather and climate. Although ticks and mosquitoes transmit multiple disease agents to humans 39 
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in the United States, Lyme disease and West Nile virus infection are the most commonly 1 
reported tick-borne and mosquito-borne diseases in this country (Table 1). In addition, a 2 
substantial number of studies have been conducted to elucidate the role of climate in the 3 
transmission of these disease agents. The broad findings from these case studies are 4 
generalizable to other vector-borne diseases (Gage et al. 2008).  5 

[Figure 1. Climate Change and Health—Lyme Disease.] 6 

4.3 Lyme disease 7 

4.3.1 State of the Science 8 
Lyme disease is a tick-borne bacterial disease that is endemic (commonly found) in parts 9 
of North America, Europe, and Asia. In the United States, Lyme disease is caused by the 10 
bacterium Borrelia burgdorferi sensu stricto (B. burgdorferi, one of the spiral-shaped 11 
bacteria known as spirochetes) and is the most commonly reported vectorborne illness. It 12 
is primarily transmitted to humans in the eastern United States by the tick species Ixodes 13 
scapularis, known as blacklegged ticks or deer ticks, and in the far western United States 14 
by I. pacificus (commonly known as western blacklegged ticks). Since 1991, when 15 
standardized surveillance and reporting of Lyme disease began in the United States, case 16 
counts have increased steadily (Bacon et al. 2008). Since 2007, more than 25,000 Lyme 17 
disease cases have been reported annually (CDC 2013b). The geographic distribution of 18 
the disease is limited to specific regions in the United States (Figure 2), transmission 19 
occurs seasonally, and year-to-year variation in case counts and in seasonal onset is 20 
considerable (Bacon et al. 2008; Moore et al. 2014). Each of these observations suggest 21 
that geographic location and seasonal climate variability may play a significant role in 22 
determining when and where Lyme disease cases are most likely to occur. 23 

Although the reported incidence of Lyme disease is greater in the eastern United States 24 
compared with the westernmost states (Bacon et al. 2008), in both geographical regions, 25 
nymphs (small immature ticks) are believed to be the life stage that is most significant in 26 
pathogen transmission from infected rodent hosts (carriers) to humans (Piesman 1989; 27 
Clover and Lane 1995) (Figure 2, Figure 3). Throughout the United States, the majority 28 
of human cases report onset of clinical signs of infection during the months of June, July, 29 
and August. The summer is a period of parallel increased activity for either blacklegged 30 
or western blacklegged ticks in the nymphal life stage (the more infectious stage) and 31 
human recreational activity outdoors (Piesman 1989; Bacon et al. 2008). Infection rates 32 
in humans vary significantly from year to year. From 1992 to 2006, variation in case 33 
counts of Lyme disease was as high as 57% from one year to the next (Bacon et al. 2008). 34 
Likewise, the precise week of onset of Lyme disease cases across states in the eastern 35 
United States, where Lyme disease is endemic, differed by as much as 10 weeks from 36 
1992 to 2007. Much of this variation in timing of disease onset can be explained by 37 
geographic region (cases occurred earlier in warmer states in the mid-Atlantic region 38 
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compared with cooler states in the north); however, annual variation of disease onset 1 
within regions was notable and linked to winter and spring climate variability (see 2 
“Annual and Seasonal Variation in Lyme Disease” below) (Moore et al. 2014).  3 

[Figure 2. Changes in Lyme Disease Case Report Distribution].  4 

The geographic and seasonal distributions of Lyme disease case occurrence are driven, in part, 5 
by the life cycle of vector ticks (Figure 3). Humans are only exposed to Lyme disease 6 
spirochetes (B. burgdorferi) in locations where both the vector tick populations and the infection-7 
causing spirochetes are present (Dennis et al. 1998). Within these locations, the potential for 8 
contracting Lyme disease depends on the three key factors: 1) tick vector abundance (the density 9 
of host-seeking nymphs being particularly important), 2) prevalence of B. burgdorferi infection 10 
in ticks (the prevalence in nymphs being particularly important), and 3) contact frequency 11 
between infected ticks and humans (Pepin et al. 2012). To varying degrees, climate change can 12 
affect all three of these factors. 13 

Aside from short periods of time when they are feeding on hosts (less than three weeks of 14 
their two- to three-year life cycle), ticks spend most of their lives off of hosts in various 15 
natural landscapes (such as woodlands or grasslands) where weather factors including 16 
temperature, precipitation, and humidity affect their survival and host-seeking behavior. 17 
In general, both low and high temperatures increase tick mortality rates, although 18 
increasing humidity can increase their ability to tolerate higher temperatures (Yuval and 19 
Spielman 1990; Needham and Teel 1991; Stafford 1994; Lane et al. 1995; Bertrand and 20 
Wilson 1996; Mount et al. 1997; Vail and Smith 1998; Eisen et al. 2002, 2003; Schulze 21 
and Jordan 2003). Within areas where tick vector populations are present, some studies 22 
have demonstrated an association among temperature, humidity, and tick abundance 23 
(Diuk-Wasser et al. 2010; Eisen et al. 2010a; Diuk-Wasser et al. 2012). Climate-24 
independent factors (for example, landscape and the relative proportions within a 25 
community of hosts that carry or do not carry Lyme disease causing bacteria) may be 26 
more important in smaller geographic areas (Ostfeld et al. 2006; Schulze et al. 2009). 27 
Temperature and humidity also influence the timing of host-seeking activity (Lane et al. 28 
1995; Vail and Smith 1998; Eisen et al. 2002; Diuk-Wasser et al. 2006), and can 29 
influence which seasons are of highest risk to the public.  30 

In summary, weather-related variables can determine geographic distributions of ticks 31 
and seasonal activity patterns. However, the importance of these weather variables in 32 
Lyme disease transmission to humans compared with other important predictors is likely 33 
scale-dependent. In general, across the entire country, climate-related variables often play 34 
a significant role in determining the occurrence of tick vectors and Lyme disease 35 
incidence in the United States (for example, Lyme disease vectors are absent in the arid 36 
intermountain west where climate conditions are not suitable for tick survival).  However, 37 
within areas where conditions are suitable for tick survival, other variables (for example, 38 
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landscape and the relative proportions within a community of hosts that carry or do not 1 
carry Lyme disease causing bacteria) are more important for determining tick abundance, 2 
infection rates in ticks, and ultimately human infection rates (Brownstein et al. 2003; 3 
Diuk-Wasser et al. 2010; Tran and Waller 2013).  4 

Box: Life Cycle of Blacklegged Ticks, Ixodes scapularis 5 

[Figure 3.  Life Cycle of Blacklegged Ticks, Ixodes scapularis.]  6 

The seasonal occurrence of Lyme disease cases is related, partially, to the timing of a blood meal 7 
(host-seeking activity) of ticks (Moore et al. 2014) and the three-stage life cycle (larvae, nymph, 8 
and adult) of ticks. Increasing temperatures and the accompanying changes in seasonal patterns 9 
are expected to result in earlier seasonal tick activity and an expansion in tick habitat range, 10 
increasing the risk of human exposure to ticks. 11 

For blacklegged ticks and western blacklegged ticks, spirochete transmission from adult ticks to 12 
eggs is rare or does not occur (Rollend et al. 2013). Instead, immature ticks (larvae and nymphs) 13 
acquire infection-causing B. burgdorferi spirochetes by feeding on rodents, other small 14 
mammals, and birds during the spring and summer months. The spirochetes are transmitted 15 
throughout the tick life cycle from larva to nymph and from nymph to adult. The spirochetes are 16 
primarily passed to humans from nymphs, and less frequently by adults.  17 

Prevalence of B. burgdorferi infection in nymphal ticks depends in part on the structure of the 18 
host community (Mather 1989; Logiudice et al. 2008). Larval ticks are more likely to be infected 19 
in areas where they feed mostly on animals that can carry and transmit the disease-causing 20 
bacteria (like white-footed mice), compared with areas where they feed mostly on hosts which 21 
cannot become infected and thus do not pass on the bacteria (such as lizards).  22 

Natural variation in potential for rodents, birds, and reptiles to carry disease in the wild 23 
leads to large differences in infection rates in nymphal ticks, resulting in considerable 24 
geographic variation in the transmission cycles and increased opportunity for contracting 25 
Lyme disease in the public (Stromdahl & Hickling 2012). Unlike nymphal or larval ticks, 26 
adult ticks feed mainly during the cooler months of the year, and primarily on deer, 27 
which are resistant to B. burgdorferi infection and thus play little role in increasing the 28 
abundance of infected ticks in the population. However, deer are important for tick 29 
reproduction and therefore influence the abundance of nymphs in subsequent generations 30 
(Lane et al. 1991). 31 

--end box-- 32 

  33 
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4.3.2 Observed Trends and Measures of Human Risk 1 

Geographic Distribution of Ticks 2 
Because the presence of tick vectors is required for B. burgdorferi transmission to 3 
humans, information on where vector tick species live provides basic information on 4 
where Lyme disease risk occurs. Minimum temperature appears to be a key variable in 5 
defining the geographic distribution of blacklegged ticks (Estrada-Pena 2002; Brownstein 6 
et al. 2003; Diuk-Wasser et al. 2010). Low minimum temperatures in winter may lead to 7 
environmental conditions that are unsuitable for tick population survival. The probability 8 
of a given geographic area being suitable for tick populations increases as minimum 9 
temperature rises (Brownstein et al. 2003). In the case of the observed northward range 10 
expansion of blacklegged ticks into Canada, warmer temperatures appear to be a key 11 
factor affecting where, and how fast, ticks are colonizing new localities (Ogden et al. 12 
2008; Ogden et al. 2010; Leighton et al. 2012; Bouchard et al. 2013, Ogden et al. 2014a).   13 

Maximum temperatures also significantly affect where blacklegged ticks live 14 
(Brownstein et al. 2003; Diuk-Wasser et al. 2010). Higher temperatures increase tick 15 
development and hatching rates, but reduce tick survival and egg-laying (reproduction) 16 
success (Needham and Teel 1991).  17 

Declines in rainfall amount and humidity are also important in limiting the geographic 18 
distribution of blacklegged ticks. Ticks are more likely to reside in more moist areas 19 
(Estrada-Peña 2002; Brownstein et al. 2003; Diuk-Wasser et al. 2010; Leighton et al. 20 
2012) because increased humidity can increase tick survival (Vail and Smith 1998; 21 
Schulze and Jordan 2003).   22 

Geographic Distribution of Infected Ticks 23 
Climate variables have been shown to be strong predictors of geographic locations in 24 
which blacklegged ticks reside, but less important for determining how many nymphs 25 
live in a given area or what proportion of those ticks is infected (Diuk-Wasser et al. 2010; 26 
Diuk-Wasser et al. 2012). The presence of uninfected nymphs and infected nymphs can 27 
vary widely over small geographic areas experiencing similar temperature and humidity 28 
conditions, which supports the hypothesis that factors other than weather play a 29 
significant role in determining nymph survival and infection rates (Eisen et al. 2003; 30 
Diuk-Wasser et al. 2006; Diuk-Wasser et al. 2010; Eisen et al. 2010a; Diuk-Wasser et al. 31 
2012). Additional studies that modeled nymphal density within small portions of 32 
blacklegged ticks’ range (north central states [Guerra et al. 2002] and Hudson River 33 
Valley, NY [Khatchikian et al. 2012]), and modeling studies that include climate and 34 
other non-biological variables indicate only a weak relationship to nymphal density 35 
(Guerra et al. 2002; Khatchikian et al. 2012). Nonetheless, climate variables can be used 36 
to model nymphal density in some instances. For example, in a single county in northern 37 
coastal California with strong climate gradients, warmer areas with less variation between 38 
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maximum and minimum monthly water vapor in the air were characteristic of areas with 1 
elevated concentrations of infected nymphs (Eisen et al. 2010a). However, it is likely that 2 
differences in animal host community structure which vary with climatic conditions (for 3 
example, relative abundances of hosts that carry or do not carry Lyme disease-causing 4 
bacteria) influenced the concentration of infected nymphs (Eisen et al. 2003; Eisen et al. 5 
2004).  6 

Geographic Distribution of Lyme Disease  7 
Though there are links between climate and tick distribution, studies that look for links 8 
between weather and geographical differences in human infection rates do not show a 9 
clear or consistent link between temperature and Lyme disease incidence (Ashley and 10 
Meentemeyer 2004; Tran and Waller 2013; Tuite et al. 2013).  11 

Annual and Seasonal Variation in Lyme Disease  12 
Temperature and precipitation both influence the host-seeking activity of ticks, which 13 
may result in year-to-year variation in the number of new Lyme disease cases and the 14 
timing of the season in which Lyme disease infections occur. A limited number of studies 15 
have identified associations between precipitation and Lyme disease incidence (Subak 16 
2003; McCabe and Bunnell 2004), although the results are inconsistent between the 17 
studies. Associations between Lyme disease incidence and temperature were weak or 18 
insignificant (Subak 2003; McCabe and Bunnell 2004). Overall, research shows an 19 
association between summer moisture and Lyme disease infection rates in humans, but 20 
the lack of consistency across studies makes general conclusions premature at this time.  21 

The peak period when ticks are seeking hosts starts earlier in the warmer, more southern, 22 
states than in northern states (Diuk-Wasser et al. 2006). Correspondingly, the onset of 23 
human Lyme disease cases occurs earlier as the growing degree days (a measurement of 24 
temperature thresholds that must be met for biological processes to occur) increases, yet, 25 
the timing of the end of the Lyme disease season does not appear to be determined by 26 
weather-related variables (Moore et al. 2014). Rather, the number of potential carriers 27 
(for example, deer, birds, and humans) likely influences the timing of the end of the 28 
Lyme disease season. 29 

The effects of temperature and humidity or precipitation on the timing of Lyme disease case 30 
occurrence have not been evaluated in the westernmost United States. However, the impacts of 31 
these factors on the seasonal activity patterns of western blacklegged tick nymphs have been 32 
evaluated (Eisen et al. 2002; Eisen et al. 2003). In hotter and drier areas, the peak of nymphal 33 
activity was generally reached earlier, but peak levels were sustained for shorter durations and 34 
host-seeking activity ceased earlier in the season than when compared with cooler and more 35 
humid sites. Combined, these studies (Eisen et al. 2002; Eisen et al. 2003) indicate that the 36 
density of western blacklegged tick nymphs in north-coastal California consistently begins to 37 
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decline between 70°F (21°C) and 73.5°F (23°C) and when average maximum daily relative 1 
humidity decreases below 83% to 85%.   2 

4.3.3 Projected Impacts 3 
Warmer winter and spring temperatures are projected to lead to earlier annual onset of 4 
Lyme disease cases in the eastern United States (see “Research Highlights” below). 5 
Limited research shows that the geographic distribution of blacklegged ticks is expected 6 
to expand to higher latitudes and elevations in the future (Brownstein et al. 2005). 7 
Declines in subfreezing temperatures at higher latitudes may be responsible for improved 8 
survival of ticks. In many woodlands, ticks can find refuge from far-subzero winter air 9 
temperatures in the surface layers of the soil (Lindsay et al. 1995; Brunner et al. 2012). 10 
However, a possibly important impact of climate change will be acceleration of the tick 11 
lifecycles due to warmer temperatures during the spring, summer, and autumn, which 12 
would increase the likelihood that ticks survive to reproduce (Ogden et al. 2006; 2014a). 13 
This prediction is consistent with recent observations of the spread of I. scapularis in 14 
Canada (Ogden et al. 2014b; Leighton et al. 2012).  15 

To accurately project changes in Lyme disease risk in humans based on climate 16 
variability, long-term data collection on tick vector abundance and human infection case 17 
counts are needed to better understand the relationships between changing climate 18 
conditions, tick vector abundance, and Lyme disease case occurrence. 19 

4.3.4 Research Highlights: Lyme Disease 20 
Importance: Lyme disease occurrence is highly seasonal. The annual springtime onset of Lyme 21 
disease cases is regulated by climate variability in preceding months. Until now, the possible 22 
effects of climate change on the timing of Lyme disease infection in humans have not been 23 
addressed for the United States, where Lyme disease is the most commonly reported vectorborne 24 
disease.   25 

Objectives: Examine the potential impacts of 21st century climate change on the timing of the 26 
beginning of the annual Lyme disease season (annual onset week) in the eastern United States. 27 

Data Sources, Study Selection, and Data Synthesis: The national-level meteorological-based 28 
empirical model of Moore et al. (2014) is driven with downscaled simulations from five 29 
atmosphere-ocean global climate models (AOGCMs) and four greenhouse gas (GHG) emissions 30 
trajectories to project the impacts of 21st century climate change on the annual onset week of 31 
Lyme disease in the United States. The four GHG emissions trajectories include RCP2.6, 32 
RCP4.5, RCP6.0, and RCP8.5 (see the Technical Support Document). 33 

Results: Historical and future projections for the beginning of the Lyme disease season are 34 
shown in Figure 4. Historical results are for the period 1992–2007, where national-average peak 35 
onset date for Lyme disease occurs on week 21.2 of the calendar year (mid-May). Future 36 
projections are for two time periods: 1) the early (2025–2040) and 2) late (2065–2080) 21st 37 
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century. On average, the start of the Lyme disease season is projected to arrive a few days earlier 1 
for 2025–2040, and anywhere from one to two weeks earlier for 2065–2080 depending on the 2 
scenario. Winter and spring temperature increases are primarily responsible for the earlier peak 3 
onset of Lyme disease infections.  4 

Conclusions and Relevance: Results demonstrate 21st century climate change will lead to 5 
environmental conditions suitable for earlier annual onset of Lyme disease cases in the United 6 
States, with possible implications for the timing of public health interventions. The end of the 7 
Lyme disease season is not strongly affected by climate variables; therefore, conclusions about 8 
the duration of the transmission season or changes in the annual number of new Lyme disease 9 
cases cannot be drawn from this study. 10 

[Figure 4. Lyme disease Onset Week Modeling Scenarios.] 11 

4.4 West Nile Virus 12 

4.4.1 State of the Science  13 
West Nile virus (WNV) is the leading cause of arboviral (arthropod-borne virus) disease in the 14 
United States. From 1999 to 2013, a total of 39,557 cases of WNV disease were reported in the 15 
United States (CDC 2014a). Annual variation is substantial, both in terms of case counts and the 16 
geographic distribution of cases of human infection (CDC 2014a) (Figure 5). Since the late 17 
summer of 1999, when an outbreak of WNV first occurred in New York City (Lanciotti et al. 18 
1999), human WNV cases have occurred in the United States every year. After the introduction 19 
of the virus to the United States, WNV spread westward, and by 2004 WNV activity was 20 
reported throughout the contiguous United States (Beasley et al. 2013; Petersen and Hayes 21 
2004). Annual human WNV incidence remained stable through 2007, decreased substantially 22 
through 2011, and increased again in 2012, raising questions about the factors driving year-to-23 
year variation in disease transmission (Beasley et al. 2013). The locations of annual WNV 24 
outbreaks vary, but several states have reported consistently high rates of disease over the years, 25 
including Arizona, California, Colorado, Idaho, Illinois, Louisiana, New York, North Dakota, 26 
South Dakota, and Texas (Beasley et al. 2013; CDC 2014a). 27 

[Figure 5. Incidence of West Nile Neuroinvasive Disease in the United States.]  28 

The majority (70% to 80%) of people infected with WNV do not show symptoms of the disease; 29 
20% to 30% develop acute systemic febrile illness which may include headache, myalgias 30 
(muscle pains), rash, or gastrointestinal symptoms; fewer than 1% experience neuroinvasive 31 
disease, which may include meningitis (inflammation around the brain and spinal cord), 32 
encephalitis (inflammation of the brain), or myelitis (inflammation of the spinal cord) (see 33 
“Populations of Concern” below) (Petersen et al. 2013b). Because most infected persons are 34 
asymptomatic (showing no symptoms), there is significant under-reporting of cases (Mostashari 35 
et al. 2001, Busch et al. 2006, Carson et al. 2012). A recent study estimated that more than three 36 
million people were infected with WNV in the United States from 1999 to 2010, resulting in 37 
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about 780,000 illnesses (Petersen et al. 2013b). However, only about 30,700 cases were reported 1 
during the same time span (CDC 2014a).  2 

West Nile virus (WNV) is maintained in transmission cycles between birds (the natural hosts of 3 
the virus) and mosquitoes (Figure 6). The number of birds and mosquitoes infected with WNV 4 
increases as mosquitoes pass the virus from bird to bird starting in late winter or spring. Human 5 
infections can occur from a bite of a mosquito that has previously bitten an infected bird (Hayes 6 
et al., 2005). Humans are considered dead-end hosts because they do not have sufficient 7 
concentrations of the virus in their bloodstreams to infect mosquitoes (Pealer et al. 2003, Zou et 8 
al. 2010). In rare instances, WNV can also be transmitted through blood transfusions (Pealer et 9 
al. 2003) or organ transplants (Nett et al. 2012). Peak transmission of WNV to humans in the 10 
United States typically occurs between June and September, coinciding with the summer season 11 
when mosquitoes are most active and temperatures are highest (Petersen et al. 2013a).  12 

[Figure 6. Climate Impacts on West Nile Virus Transmission] 13 

4.4.2 Observed Impacts and Indicators 14 
Mosquito vectors and bird hosts are required for WNV to persist, and the dynamics of both are 15 
strongly affected by climate in a number of ways. Geographical variation in average climate 16 
constrains the ranges of both vectors and hosts, while shorter-term climate variability affects 17 
many aspects of vector and host population dynamics. Unlike ticks, mosquitoes have short life 18 
cycles and respond quickly to climate drivers over relatively short time scales of days to weeks.  19 
Impacts on bird abundance are often realized over longer time scales of months to years due to 20 
impacts on annual reproduction and migration cycles.  21 

WNV has been detected in 65 mosquito species and more than 300 bird species in the United 22 
States (Petersen et al. 2013a), although only a relatively small number of these species contribute 23 
substantively to human infections. Three Culex mosquito species are the primary vectors of the 24 
virus in different regions of the continental United States, and differences in their preferred 25 
breeding habitats mean that climate change will likely impact human WNV disease risk 26 
differently across these regions (Figure 5). Bird species that contribute to WNV transmission 27 
include those that develop sufficient viral concentrations in their blood to transmit the virus to 28 
feeding mosquitoes (Komar 2003; Reisen et al. 2005). As with mosquitoes, the bird species 29 
involved in the transmission cycle are likely to respond differently to climate change, increasing 30 
the complexity of projecting future WNV risk.    31 

Impacts of Climate 32 
Climate, or the long-term average conditions, is important for defining WNV’s transmission 33 
range limits because extreme conditions—too cold, hot, wet, or dry—can alter mosquito and bird 34 
habitat availability, increase mortality in mosquitoes or birds, and/or disrupt viral transmission. 35 
WNV has been in the United States for just over 15 years, which is long enough to observe 36 
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responses of WNV to key weather variables, but not long enough to observe responses to climate 1 
change trends. 2 

Climate change may influence mosquito survival rates through changes in season length, 3 
although mosquitos are also able to adapt to changing conditions. For example, mosquitoes that 4 
transmit WNV do not occur in locations where winters are too long or too cold for them to 5 
survive (Darsie and Ward 2005). However, newly emerged adult female mosquitoes have some 6 
ability to survive cold temperatures by entering a reproductive arrest called diapause as 7 
temperatures begin to cool and days grow shorter in late summer (Eldridge 1987; Nelms et al. 8 
2013). These females will not seek a blood meal until temperatures begin to warm the following 9 
year. Even during diapause, very harsh winters may reduce mosquito populations, as 10 
temperatures near freezing have been shown to kill diapausing Cx. tarsalis (Mail and McHugh 11 
1961).  12 

During the warmer parts of the year, Culex mosquitoes must have aquatic habitat available on a 13 
nearly continuous basis because their eggs hatch within a few days after they are laid and need 14 
moisture to remain viable. The breeding habitats of WNV vectors vary by species, ranging from 15 
fresh, sunlit water found in irrigated crops and wetlands preferred by Cx. tarsalis (Eisen et al. 16 
2010b; DeGroote et al. 2008) to stagnant, organically enriched water sources such as urban storm 17 
drains, unmaintained swimming pools, or backyard containers used by Cx. pipiens and Cx. 18 
quinquefasciatus (Gibney et al. 2012). Precipitation can create habitats directly by flooding 19 
breeding sites or indirectly through snowmelt runoff that can flood otherwise dry areas or 20 
increase availability of managed water for urban or agricultural irrigation systems (Eisen et al. 21 
2010b). Drought has also been associated with increased WNV activity in some areas, but the 22 
association between decreased precipitation and WNV has been mixed and depends on 23 
geographic region and the particular sequence of drought and wetting that precedes the WNV 24 
transmission season (Landesman et al. 2007).  25 

WNV has become endemic within a surprisingly wide range of climates in the United States, but 26 
there is substantial geographic variation in the intensity of virus transmission. Part of this 27 
geographic variation can be attributed to the abundance and distributions of suitable bird hosts 28 
(Kilpatrick et al 2006). Important hosts such as robins and warblers migrate annually between 29 
summer breeding grounds and winter foraging areas. Migrating birds have shown potential as a 30 
vehicle for long-range virus movement (Dusek et al. 2009; Owen et al. 2006). Although the 31 
timing of migration is driven by climate, the impact of climate-driven migration changes on 32 
WNV transmission have not yet been documented by scientists. Climate change has already 33 
begun to cause shifts in bird breeding and migration patterns (Parmesan 2006), but it is unknown 34 
how these changes may affect WNV transmission. 35 

Impacts of Weather 36 
The impact of year-to-year changes in precipitation on mosquito populations varies among the 37 
regions of the United States, and is affected by the typical climate of the area as well as other 38 
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non-climate factors, including water management practices and infrastructure, and land use. In 1 
the northern Great Plains—a hotspot for WNV activity—increased precipitation has been shown 2 
to lead to higher Cx. tarsalis abundance a few weeks later (Chuang et al. 2011). In contrast, in 3 
the typically wet Pacific Northwest, weekly precipitation was found to be unrelated to 4 
subsequent mosquito abundance (Pecoraro et al. 2007). In urban areas, larvae (aquatic immature 5 
mosquitoes) may be washed out of their underground breeding habitats by heavy rainfall events 6 
(Gardner et al. 2012), making drier conditions more favorable for West Nile virus transmission 7 
(Johnson and Sukhdeo 2013; Ruiz et al. 2010). In rural areas or drier regions, increased 8 
precipitation or agricultural irrigation may provide the moisture necessary for the development of 9 
breeding habitats (Shaman et al. 2010).   10 

Temperature is the most studied climate driver of the dynamics of WNV transmission. It is clear 11 
that warm temperatures accelerate virtually all of the biological processes that affect 12 
transmission: accelerating the mosquito life cycle (Dodson et al. 2012; Reisen 2008a, 1995; 13 
Rueda et al. 1990; Walter and Hacker 1974), increasing the mosquito biting rates that determine 14 
the frequency of contact between mosquitoes and hosts (García-Rejón et al. 2008; Hartley et al. 15 
2012), and increasing viral replication rates that can lead to earlier transmission within mosquito 16 
populations (Dohm et al. 2002; Reisen et al. 2006; Kilpatrick et al. 2008). These relationships 17 
between increasing temperatures and earlier transmission of WNV within mosquito populations 18 
demonstrate increased activity of WNV, including higher infection risk of human disease (Ruiz 19 
et al. 2010; Soverow et al. 2009; Wimberly et al. 2014; Winters et al. 2008). However, scientists 20 
have also observed that extreme high temperatures combined with decreased precipitation may 21 
decrease mosquito populations (Morin and Comrie 2013). 22 

Impacts of Long-Term Climate Trends 23 
The relatively short 15-year period of WNV’s transmission in the United States prevents direct 24 
observation of the impacts of long-term climate trends on WNV incidence. However, despite the 25 
short history of WNV in the United States, there are some lessons to be learned from other 26 
mosquito-borne diseases in the United States.  27 

Western equine encephalomyelitis virus (WEEV) and St. Louis encephalitis virus (SLEV) were 28 
first discovered in the 1930s and have been known to circulate in the United States during most 29 
of the climate warming of the previous century. Like WNV, both viruses are transmitted by 30 
Culex spp. mosquitoes and are climate-sensitive. WEEV outbreaks were associated with wet 31 
springs followed by warm summers (Reeves et al. 1990; Wegbreit and Reisen 2000), and 32 
outbreaks of SLEV were associated with hot, dry periods when urban mosquito production 33 
increased due to stagnation of water in underground systems (Reisen et al. 1992) or when cycles 34 
of drought and wetting set up more complex transmission dynamics (Shaman et al. 2004).  35 

Despite climatic changes that would be expected to favor increased WEEV and SLEV 36 
transmission, both viruses have had sharply diminished incidence during the past 30 to 40 years 37 
(Forrester et al. 2008; Reisen et al. 2008b). This finding highlights the potential for the 38 



USGCRP Climate and Health Assessment  Chapter 4: Vectorborne Diseases 
Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  136 

modifying influences of other non-climate factors, such as changes in human behavior or 1 
undetected aspects of viral evolution. Several other mosquito-borne pathogens, such as 2 
chikungunya and dengue, have grown in importance as global health threats during recent 3 
decades; however, a link to climate change induced disease expansion in the United States has 4 
not yet been confirmed. These examples demonstrate the variable impact that climate change can 5 
have on different mosquito-borne diseases and help to explain why the direction of future trends 6 
in risk for WNV remain unclear.  7 

4.4.3 Projected Impacts 8 
Projecting the future distribution of WNV under climate change is difficult given that the 9 
existing record of the virus over the last 15 years is quite short compared to the range of 10 
projections over the next century. Despite the growing body of work examining the connections 11 
between WNV and weather, climate-based seasonal forecasts are not yet available at a national 12 
scale. Forecasting the annual presence of WNV disease on the basis of climate and other 13 
ecological factors has been attempted for U.S. counties, with general agreement between 14 
modeled expectations and observed data (Manore et al. 2014), but more quantitative predictions 15 
of disease incidence or the risk for human exposure are needed.  16 

Longer-term projections of WNV under climate change scenarios are also rare. WNV is 17 
projected to increase in much of the northern and southeastern United States due to rising 18 
temperatures and declining precipitation, respectively, with the potential for decreased 19 
occurrence across the central United States (Harrigan et al. 2014). Future projections show that 20 
the season when mosquitoes are most abundant will begin earlier and end later, possibly 21 
resulting in fewer mosquitoes in mid-summer in southern locations where extreme heat is 22 
predicted to coincide with decreased precipitation (Morin and Comrie 2013). 23 

4.5 Populations of Concern   24 
Some segments of the human population may be disproportionately affected by, or exposed to, 25 
vectorborne diseases in response to climate change. In addition to the climate, multiple non-26 
climate factors, including geography, city planning, vector control methods, socioeconomic 27 
status, age, gender, and human behavior all play an important role in determining population 28 
vulnerability to vectorborne pathogens (Bennett & McMichael 2010). Human vulnerability to 29 
disease will likely vary regionally and across seasons (see also Ch. 9: Populations of Concern).   30 

Multiple factors affect vulnerability to vectorborne diseases, including age, gender, and behavior. 31 
For Lyme disease, behavioral factors, especially the number of hours spent working or playing 32 
outdoors in tick habitat as well as proximity to dense shrubbery, can increase exposure to 33 
blacklegged ticks, which transmit the bacteria that causes Lyme disease (Finch et al. 2014). For 34 
example, outdoor workers in the northeastern United States are at higher risk for contact with 35 
blacklegged ticks and therefore are at a greater risk for contracting Lyme disease (Bowen et al. 36 
1984; Schwartz et. al 1994; Schwartz and Goldstein 1990; NIOSH 2005). Additionally, Lyme 37 
disease is more frequently reported in children between 5 and 9 years of age and adults between 38 
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the ages of 55 and 59 (Bacon et al. 2008). For West Nile virus infections, advanced age and 1 
being male contribute to a higher risk for severe infections (Weiss et al., 2001; Carson et al. 2 
2012; Brien et al. 2009). Climate change will likely alter the geographic and seasonal 3 
distributions and activity of existing vectors, which will likely influence the number of people 4 
who are at risk for exposure to vectorborne diseases.  5 

In some instances the impacts of climate change may be secondary to existing socioeconomic 6 
vulnerabilities (Gubler et al. 2001; Reiter et al. 2003; Radke et al. 2012; Ramos et al. 2008; 7 
Brunkard et al. 2008); these vulnerabilities may be exacerbated by climate change, depending on 8 
the resilience of the communities or populations at risk. For example, from 1980 to 1999 there 9 
were only 64 cases of dengue fever reported in Texas, while over 62,000 dengue fever cases 10 
were reported in three Mexican states adjoining Texas—yet the infected mosquito counts in 11 
Texas were significantly higher than in Mexico (Reiter et al. 2003). The difference in dengue 12 
incidence was attributed to socioeconomic factors, including housing with air conditioning and 13 
intact screens, rather than the influence of climate change. In Laredo, Texas, 82% of houses had 14 
air conditioning, and intact screens were more common, reducing the amount of human–15 
mosquito contact (Reiter et al. 2003). Using vector counts, vector population density, and climate 16 
determinants alone, without accounting for socioeconomic factors that drive human 17 
vulnerability, may not accurately quantify human disease risk (Reiter et al. 2003).  18 

Climate factors are useful benchmarks to indicate seasonal risk and broad geographic changes in 19 
disease occurrence over decades. However, human risk for exposure to vectorborne disease is 20 
more holistically evaluated by including geography, city planning, vector control methods, 21 
socioeconomic status, age, gender, and human behavior in the assessment. Ultimately, a 22 
community’s capacity to adapt to both the climate and non-climate factors that increase 23 
vulnerability will affect population risk of vectorborne disease.    24 

4.6 Emerging Issues 25 
Increasing global trade and travel will likely promote the introduction or re-emergence of vectors 26 
and disease-causing pathogens. In conjunction with trade and travel, climate change may 27 
contribute by creating habitats suitable for the establishment of disease-carrying vectors. Recent 28 
outbreaks of locally acquired dengue in Florida (Radke et al. 2012; WHO 2014) and southern 29 
Texas (USGS 2013) and chikungunya in the Caribbean (PAHO 2014) have raised public health 30 
concern for re-emergence and emergence of these mosquito-borne diseases in the United States.  31 

4.7 Research Needs 32 
Climate and non-climate factors interact to determine human disease, but the mechanisms of 33 
these processes are still poorly understood. Evidence-based models that include vector–host 34 
interaction, host immunity, pathogen evolution, as well as socioeconomic drivers of transmission 35 
and human behavior are needed to facilitate a better understanding of the mechanisms by which 36 
climate and non-climate factors drive vectorborne disease incidence.  37 
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Better long-term datasets on vector occurrence, abundance, and infection rates are also needed to 1 
facilitate this understanding. Ideally, such datasets should be compatible with data on case counts 2 
in humans across geography and time. These data will provide clearer understanding on how 3 
external drivers work in conjunction with climate change to determine the risk for human 4 
exposure to vector-borne disease.  5 

  6 
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4.8 Traceable Accounts 1 
The process for deliberating and finalizing the vectorborne and zoonotic disease traceable 2 
accounts and key findings took place over a series of months beginning in June 2014. An all-3 
author workshop held in September 2014 was also particularly constructive to the continuing 4 
progress of the chapter. Finalization occurred through a series of one-hour chapter team 5 
meetings, specifically on October 31st, November 20th, and December 2nd, and via email 6 
communication amongst chapter authors from mid-October 2014, through December 5, 2014. 7 

Changing Distributions of Vectors and Vectorborne Diseases 8 

Key Finding 1: Climate change is expected to alter the geographic and seasonal distributions of 9 
existing vectors and vectorborne diseases. [Likely, High Confidence] 10 

Description of evidence base 11 
Vectorborne diseases result from complex interactions involving vectors, reservoirs, humans, 12 
and both climate and non-climate factors. Numerous studies explain how climate variables 13 
influence the spatial and temporal distribution of vectors, animal reservoirs, pathogens, and 14 
ultimately vectorborne disease by impacting the relationships between vectors, animal reservoirs, 15 
humans, and other non-climate factors (Gage et al. 2008; Estrada-Pena 2002; Brownstein et al. 16 
2003; Diuk-Wasser et al. 2010; Chuang et al. 2011; Pecoraro et al. 2007; Morin and Comrie 17 
2013; Reisen 1995, 2008a; Gubler et al. 2001). 18 

Major uncertainties 19 
It is certain that climate change will alter the geographic and seasonal distribution of existing 20 
vectors, pathogens, and reservoirs; however, the influence of climate change on the timing, 21 
prevalence, and location of specific vectorborne disease outbreaks is likely to vary depending on 22 
the influence of other significant non-climate drivers of disease occurrence. 23 

Assessment of confidence and likelihood based on evidence 24 
Based on the evidence that climate change will influence the temporal and spatial distributions of 25 
vectors, pathogens, and animal reservoirs, there is high confidence that climate change is likely 26 
to alter the geographic and seasonal distributions of vectors and vectorborne diseases. 27 

Earlier Tick Activity and Northward Range Expansion 28 

Key Finding 2: Ticks capable of carrying the bacteria that cause Lyme disease and other 29 
pathogens will show earlier seasonal activity and a generally northward expansion in their 30 
habitat range in response to increasing temperatures associated with climate change [Likely, High 31 
Confidence]. Longer seasonal activity and expanding geographic range of these ticks may 32 
increase the risk of human exposure to ticks [Low Confidence].  33 

  34 
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Description of evidence base 1 
There is strong evidence that temperature affects the geographical distribution of ticks (Estrada-2 
Pena 2002;  Brownstein et al. 2003,  2005; Diuk-Wasser 2010) and the timing of host-seeking 3 
activity of ticks (Eisen 2002, 2003; Diuk-Wasser et al. 2006), and even the timing of Lyme 4 
disease case occurrence (Moore et al. 2014).  However, the abundance of ticks infected with 5 
Lyme disease spirochetes, which is considered a better predictor of human risk for Lyme disease 6 
compared with nymphal density alone, has rarely been found to be strongly associated with 7 
meteorological variables (Eisen et al. 2010a). Studies aimed at identifying meteorological 8 
variables associated with the geographical distribution of human Lyme disease vary in their 9 
support for demonstrating positive associations between temperature and Lyme disease (Ashley 10 
and Meentemeyer 2004; Tran and Waller 2013; Tuite et al. 2013). 11 

Major uncertainties 12 
While the effects of temperature, precipitation, and humidity on the spatial distribution of ticks 13 
and the timing of their host-seeking activity have been clearly established in both the eastern and 14 
western regions of the United States where Lyme disease is common, it remains uncertain the 15 
degree to which climate change will alter Lyme disease incidence. The observation that 16 
meteorological variables play a lesser role than other variables in predicting the density of 17 
nymphs infected with Lyme disease bacteria raises uncertainty in how climate change will affect 18 
the distribution and magnitude of Lyme disease incidence.  This uncertainty is reflected in results 19 
from models aiming to associate meteorological variables with Lyme disease incidence that 20 
yielded inconsistent findings (Ashley and Meentemeyer 2004; Tran and Waller 2013; Tuite et al. 21 
2013).   22 

Assessment of confidence and likelihood based on evidence 23 
Based on the evidence, there is high confidence that climate change, especially temperature, is 24 
likely to affect the geographical distribution of ticks capable of carrying B. burgdorferi to more 25 
northern latitudes and higher elevations, the timing of host-seeking activity of ticks, and the 26 
timing of Lyme disease case occurrence.  27 

There is low confidence that climate change will influence human incidence of Lyme disease. 28 

Climate-driven Mosquito-borne Disease Dynamics 29 

Key Finding 3: Rising temperatures, changing precipitation patterns, and a higher frequency of 30 
some extreme weather events associated with climate change will influence the distribution, 31 
abundance, and infection rate of mosquitoes that transmit West Nile virus and other pathogens 32 
by altering habitat availability and mosquito and viral reproduction rates [Extremely Likely, High 33 
Confidence]. Alterations in the distribution, abundance, and infection rate of mosquitoes may 34 
increase human exposure to bites from infected mosquitoes, which may increase risk for human 35 
disease [Low Confidence]. 36 
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Description of evidence base 1 
Warmer temperatures affect the West Nile virus system by accelerating mosquito development 2 
(Reisen 1995; Rueda et al. 1990) and virus reproduction rates (Dohm et al. 2002; Reisen et al. 3 
2006, 2008a; Kilpatrick et al. 2008), increasing egg-laying and biting frequency (Hartley et al. 4 
2012), and affecting mosquito survival (Rueda et al. 1990; Reeves et al. 1990). At the landscape 5 
scale, increased West Nile virus activity has been associated with warm temperatures, mild 6 
winters, and drought (Reisen et al. 2008a; Ruiz et al. 2010; Chuang et al. 2011). Very few studies 7 
have used climate variables to predict the occurrence of human WNV cases in the United States 8 
in response to climate change (for example, Harrigan et al 2014), but available results suggest 9 
that areas of WNV transmission will expand in the northern latitudes and higher elevations 10 
driven by increasing temperature, while WNV transmission may decrease in the south if 11 
increasing temperatures reduce mosquito survival or limit availability of surface water, such as 12 
that provided by agricultural irrigation. 13 

Major uncertainties 14 
While the influence of temperature and precipitation on mosquito and WNV biology are fairly 15 
well understood, these relationships vary across the United Sates depending on the local 16 
mosquito vector species, land use, and human activity (Shaman et al. 2010; Wimberly et al. 17 
2014). For mosquitoes in urban areas, droughts may lead to stagnation of water and increased 18 
mosquito populations that enhance WNV transmission (Johnson and Sukhdeo 2013; Ruiz et al. 19 
2010), while in rural or agricultural areas, droughts may reduce mosquito populations by 20 
reducing available mosquito habitat for breeding (Reisen et al. 2008a) except when irrigation 21 
compensates for drought conditions (Shaman et al. 2010). Long-term projections of human 22 
WNV risk under climate change scenarios are still in the early stages of development and are 23 
impeded by the complexities of the disease transmission cycle. Evolution of the virus, 24 
improvements in mosquito control, and the potential for long-term changes in human behavior 25 
that may affect exposure to WNV are key sources of uncertainty. For this reason, short-term, 26 
seasonal forecasts of WNV may be more helpful for resource allocation and public health 27 
planning in the near term. 28 

Assessment of confidence and likelihood based on evidence 29 
Based on the evidence, there is high confidence that climate change is extremely likely to 30 
influence mosquito distribution, abundance, and infection prevalence by altering habitat 31 
availability and mosquito and viral reproduction rates.  32 

There is low confidence that climate change is will influence human cases of WNV. 33 

Climate and Non-climate Factors Determine Human Vulnerability 34 

Key Finding 4: Non-climate factors that affect vulnerability to vectorborne disease (such as age, 35 
gender, socioeconomic status, geography, and occupation) also influence risk for disease 36 
occurrence. [High Confidence]  37 
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Description of evidence base 1 
There are a number of other significant drivers of disease emergence for vectorborne diseases 2 
that work independently of, or in conjunction with, climate change (IOM 2003) that also 3 
influence human risk for exposure to vectorborne pathogens (Bennett & McMichael 2010). 4 
These include geography, changing ecosystems, vector control practices, pathogen adaptation 5 
and change, socioeconomic status, domestic protective environments (Gubler et al. 2001; Reiter 6 
et al. 2003; Radke et al. 2012; Ramos et al. 2008; Brunkard et al. 2008), occupation, and 7 
individual character traits that influence susceptibility to infection, such as age, gender, and 8 
immune function (Bacon et al. 2008; Brien et al. 2009; Mostashari et al. 2001; Weiss et al. 2001; 9 
NIOSH 2005; Bowen et al. 1984). 10 

Major uncertainties 11 
Identifying the specific effect of climate change on human disease is very difficult due to other 12 
factors of disease vulnerability. It remains uncertain how climate interacts with these to influence 13 
human disease. Consequently, predictive models that look solely at changes in the abundance of 14 
vector, pathogen, or zoonotic reservoir populations related to climate will fall short in adequately 15 
describing how vulnerability is likely to change. 16 

Assessment of confidence and likelihood based on evidence 17 
Based on the evidence of existing vulnerabilities to vectorborne disease there is high confidence 18 
that non-climate factors are likely to interact with climate factors, which may disproportionately 19 
affect certain populations.  20 

Emergence of New Vectorborne Pathogens   21 

Key Finding 5: Climate change will interact with other driving factors (such as travel-related 22 
exposures or evolutionary adaptation of invasive vectors and pathogens) to influence the 23 
emergence or re-emergence of vectorborne pathogens. [High Confidence] 24 

Description of evidence base 25 
The literature shows that climate change must be considered together with the many other non-26 
climate factors of disease emergence (IOM 2003; Gage et al. 2008) and the availability of other 27 
mitigating factors, such as air conditioning, screens on windows, and vector control practices 28 
(Reiter et al. 2003; Radke et al. 2012; Ramos et al. 2008; Brunkard et al. 2008), in order to 29 
appropriately quantify the impact climate has on the risk of emerging or re-emerging exotic 30 
pathogens and vectors. 31 

Major uncertainties 32 
It remains uncertain how climate interacts as a driver with travel-related exposures and 33 
evolutionary adaptation of invasive vectors and pathogens to affect human disease. Improved 34 
longitudinal datasets and empirical models that include vector-host interaction, host immunity, 35 
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and pathogen evolution as well as socio-economic drivers of transmission are needed to address 1 
these knowledge gaps in research on climate sensitive diseases. 2 

Assessment of confidence and likelihood based on evidence 3 
Based on the evidence, there is high confidence that a multitude of interacting factors, one of 4 
which being climate change, are likely to be influential to the introduction or re-emergence of a 5 
vectorborne pathogen to the United States.  6 

  7 
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4.10 Figures 1 

Figure 1. Climate Change and Health—Lyme Disease 2 

 3 

Caption. Conceptual diagram illustrating the exposure pathways by which climate 4 
change influences Lyme disease. The central blue pathway includes selected examples of 5 
climate drivers, the pathways by which humans are exposed to health threats from those 6 
drivers, and the resulting health outcomes. The orange path to the left indicates selected 7 
examples of non-climate factors that are not aspects of climate change but that can affect 8 
human vulnerability to health impacts of climate change. The green path to the right 9 
indicates additional risk factors that may increase human vulnerability to health impacts 10 
of climate change.  11 
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Figure 2. Changes in Lyme Disease Case Report Distribution. 1 

 2 

Caption: Maps show the reported cases of Lyme disease in 1996 and 2013 for the areas 3 
of the country where Lyme disease is most common (the Northeast and Upper-Midwest). 4 
Both the distribution and the numbers of cases have increased. (Figure source: CDC 5 
2014c) 6 

 7 
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Figure 3.  Life Cycle of Blacklegged Ticks, Ixodes scapularis 1 

 2 

(Figure source: redrawn from CDC 2010b)  3 
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Figure 4.  Lyme disease Onset Week Modeling Scenarios 1 

 2 

Caption: Box plots comparing the distributions of the national-level historical data for 3 
annual Lyme onset week (1992-2007 in green) with the distributions of AOGCM multi-4 
model mean projections of Lyme onset week for each of four RCP scenarios (2.6, 4.5, 5 
6.0, 8.5) and two future time periods (2025-2040 in blue, 2065-2080 in red). Each box 6 
plot shows the values of Lyme disease onset week for the maximum (top of dashed line), 7 
75th percentile (top of box), average (line through middle of box), 25th percentile (bottom 8 
of box), and minimum (bottom of dashed line) of the distribution. All distributions are 9 
comprised of values for 12 states and 16 years (N=192). Circles along the top of each 10 
panel indicate whether the AOGCM multi-model mean is significantly different from the 11 
historical average (see top legend).  Black symbols on each box plot indicate the mean 12 
value of Lyme onset week from each individual AOGCM that contributes to the multi-13 
model ensemble (see bottom legend). Additional details can be found in Monaghan et al. 14 
(in review) (Figure source: Monaghan et al. 2014). 15 

  16 
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Figure 5. Incidence of West Nile Neuroinvasive Disease in the United States 1 

  2 

 3 

Caption: Maps show the number of cases of West Nile neuroinvasive disease in the 4 
United States for 2010 through 2013. Shown as cases per 100,000 population. (Figure 5 
source: CDC 2014a) 6 
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Figure 6. Climate Impacts on West Nile Virus Transmission 1 

 2 

 3 

 4 
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5.1 Key Findings 1 

Seasonal and Geographic Expansion of Waterborne Illness Risk 2 

Key Finding 1: Increases in both coastal and inland water temperatures associated with climate 3 
change will expand the seasonal windows of growth [Very Likely, High Confidence] and the 4 
geographic range of suitable habitat [Likely, High Confidence] for naturally occurring pathogens 5 
and toxin-producing harmful algae. These changes are projected to increase the risk of exposure 6 
to waterborne pathogens and algal toxins that can cause a variety of illnesses [Medium 7 
Confidence]. 8 

Exposure Risk from Extreme Precipitation Events 9 

Key Finding 2: Recreational waters and sources of drinking water will be compromised by 10 
increasingly frequent and intense extreme precipitation events [High Confidence]. Surface runoff 11 
and flooding associated with heavy precipitation and storm surge events increase pathogen loads 12 
originating from urban, agricultural, and wildlife sources and promote blooms of harmful algae 13 
in both fresh and marine waters. Greater pathogen or algal toxin loading in drinking and 14 
recreational water sources following an extreme weather event will increase risk of human 15 
exposure to agents of water-related illness [Medium Confidence]. 16 

Water Infrastructure Failure or Damage 17 

Key Finding 3: Increases in some extreme weather events and storm surge will increase the risk 18 
of failure of, or damage to, water infrastructure for drinking water, wastewater, and stormwater 19 
[Medium Confidence]. Aging infrastructure is particularly susceptible to failure. A breakdown in 20 
water infrastructure would contribute to increased risk of exposure to water-related pathogens, 21 
chemicals, and algal toxins. 22 

5.2 Introduction 23 
Across most of the United States, climate change is expected to affect fresh and marine water 24 
resources in ways that will increase people’s exposure to waterborne and water-related 25 
contaminants that cause illness. Water-related illnesses can be caused by pathogens, such as 26 
bacteria, virus, and protozoa; toxins produced by certain harmful algae and cyanobacteria; and 27 
chemicals introduced into the environment by human activities. Exposure occurs through 28 
ingestion, inhalation, or direct contact with contaminated drinking or recreational water and 29 
through consumption of fish and shellfish. Table 1 identifies the linkages among some causes 30 
(agents) of water-related illness, and lists various health outcomes that can result from exposure 31 
as well as key climate-related changes affecting their occurrence in aquatic systems.  32 

 33 
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Table 1. Climate Sensitive Agents of Water-Related Illness 1 

Pathogen, Toxin, or 
Agent 

Waterborne 
Exposure 
Route 

Health Outcomes & Symptoms 
(examples) 

Major climate correlation or 
driver 

Salmonella enterica 

Campylobacter species 

Toxigenic Escherichia 
coli  

Drinking water 
(esp. untreated) 
Recreational 
waters (esp. 
freshwater) 
Shellfish 

Most cases result in 
gastrointestinal illness (diarrhea 
and vomiting). Some cases may 
be severe; fatal cases are rare. 

Temperature, heavy 
precipitation, and flooding 

Leptospira and 
Leptonema 

Recreational 
waters (esp. 
freshwater)  

Mild to severe flu-like illness 
(with or without fever) to severe 
cases of meningitis, kidney and 
liver failure 

Temperature, heavy 
precipitation, and flooding*  

Enteroviruses 

Rotaviruses 

Noroviruses 

Drinking water 
(esp. untreated); 
Recreational 
waters; Shellfish 

Most cases result in 
gastrointestinal illness. Severe 
outcomes may include paralysis 
and infection of the heart or 
other organs.  

Heavy precipitation, flooding, 
and temperature  

Cryptosporidium 
species 

Giardia species 

Drinking water 
(treated and 
untreated); 
Recreational 
waters (treated 
and untreated) 

Most cases result in 
gastrointestinal illness (often 
associated with long-term effects 
and reoccurrence). Can be fatal 
among immuno-compromised 
groups. 

Heavy precipitation and 
flooding*, temperature  

Vibrio species Recreational 
waters (marine); 
Shellfish 

Varies by species but include 
gastroenteritis (V. 
parahaemolyticus, V. cholerae), 
blood poisoning through 
ingestion or wounds (V. 
vulnificus), skin, eye, and ear 
infections (V. alginolyticus).  

Temperature*, sea level rise, 
precipitation patterns (as it 
affects coastal salinity) 

Naegleria species Drinking water; 
Recreational 
waters (fresh, 
untreated)  

Infections cause primary 
amoebic meningoencephalitis; 
see “Emerging Issues” section.  

Temperature 

Gambierdiscus species 
(benthic algae that 
produce ciguatoxins) 

Fish Ciguatera fish poisoning: 
gastrointestinal and neurologic 
illness.  

Temperature*, extreme events 
(hurricanes) 
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Pathogen, Toxin, or 
Agent 

Waterborne 
Exposure 
Route 

Health Outcomes & Symptoms 
(examples) 

Major climate correlation or 
driver 

Alexandrium species 
(algae that produce 
saxitoxins) 

Shellfish Paralytic shellfish poisoning: 
gastrointestinal and neurologic 
illness; can lead to respiratory 
failure and death. 

Temperature*, ocean surface 
currents 

Pseudo-nitzschia 
species (algae that 
produce domoic acid) 

Shellfish Amnesic shellfish poisoning: 
gastrointestinal illness and 
permanent short-term memory 
deficits. 

Temperature, ocean surface 
currents, coastal winds, ocean 
acidification 

Dinophysis species 
(algae that produce 
okadaic acid) 

Shellfish Diarrhetic shellfish poisoning: 
gastrointestinal illness. 

Temperature, precipitation 
patterns, ocean surface currents 

Karenia brevis (algae 
that produce 
brevetoxins and 
derivatives) 

Shellfish; 
Recreational 
waters 

Neurotoxic shellfish poisoning: 
gastrointestinal and neurologic 
illness. Aerosolized (airborne) 
brevetoxins can cause 
respiratory distress and eye 
irritation. 

Coastal winds, extreme events 
(hurricanes), ocean surface 
currents 

Cyanobacteria 
(multiple species 
produce toxins 
including microcystin) 

Drinking water; 
Recreational 
waters 

Liver and gastrointestinal 
diseases, neurological disorders, 
and respiratory arrest.  

Temperature, precipitation 
patterns  

Chemical Contaminants 

Mercury; 
Organohalogens, 
including 
polychlorinated 
biphenyls and some 
pesticides; Organotins 
(e.g. tributyltin (and 
triphenyltin) 

Fish; Shellfish Various: such as neurologic, 
carcinogenic, reproductive, 
developmental effects  

Uncertain; see “Emerging 
Issues” section and Ch. 6: Food 
Safety 

* Indicates a stronger climate driver based on available evidence 1 

Whether or not illness results from exposure to contaminated water is dependent on a complex 2 
set of factors, including human behavior and social determinants of health that may affect a 3 
person’s exposure (Figure 1; see also Ch. 1: Introduction and Ch. 9: Populations of Concern). 4 
Water resource, public health, and environmental agencies in the United States provide many 5 
public health safeguards, such as water quality monitoring and issuing advisories, to reduce risk 6 
of exposure and illness even if water becomes contaminated.  7 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  166 

 

Our understanding of national water-related illness rates and patterns is complicated by limited 1 
case data. State laws require reporting of only some illnesses (referred to as notifiable; see 2 
Chapter 1: Introduction). All other reporting is voluntary, so illness cases are often highly 3 
underestimated (Beach et al. 2009; Scallan et al. 2011). For example, reported cases of 4 
recreational waterborne illness are lower than for drinking water in part due to large numbers of 5 
untreated and unreported illnesses (CDC 2014a). Illnesses from pathogens associated with water 6 
are underreported by an average of 43 fold, and may be underreported by up to 143 times for 7 
certain Vibrio species (Scallan et al. 2011). Despite data limitations, it has been estimated that 8 
waterborne pathogens cause 8.5% to 12% of annual acute gastrointestinal illness cases, affecting 9 
between 12 and 19 million people annually in the United States (Colford et al. 2006; Messner et 10 
al. 2006; Reynolds et al. 2008). Eight climate-sensitive pathogens account for approximately 11 
97% of all non-foodborne waterborne illnesses  in the United States: the viruses norovirus, 12 
rotavirus, and adenovirus; the bacteria Campylobacter jejuni, E. coli O157:H7, Salmonella 13 
enterica; and the protozoa Cryptosporidium and Giardia (Soller et al. 2010). Factors related to 14 
climate change—including temperature, precipitation and related runoff, hurricanes and storm 15 
surge—affect the growth, survival, spread, and virulence or toxicity of agents of water-related 16 
illness. 17 

5.3  Sources of Water-Related Contaminants  18 
The primary sources of water contamination are human and animal waste and agricultural 19 
activities, including the use of fertilizers. These contamination sources are significantly affected 20 
by extreme precipitation events, which are projected to increase under climate change, leading to 21 
increases in some types of flooding (Ch. 8: Extreme Weather). In addition, projected increases in 22 
hurricane intensity and rainfall, in combination with rising sea levels, will increase the risk of 23 
hurricane-related inland and coastal flooding (Ch. 8: Extreme Weather). Such events can carry 24 
agents of water-related illness and nutrients from urban, residential, and agricultural areas into 25 
surface waters, groundwater, and coastal waters (Figure 1). This has implications for human 26 
exposure via contamination of drinking water sources (section 5.4.1), recreational waters (section 27 
5.4.2), and fish and shellfish (section 5.4.3). 28 

[Figure 2: Conceptual Diagram of Links between Climate Change and Source of Agents of 29 
Water-related Illness] 30 

Water contamination by human waste is tied to failure of local urban or rural water 31 
infrastructure, which includes municipal wastewater systems, septic systems, and stormwater 32 
conveyance systems. If functioning properly and within their capacity, these systems manage 33 
water quality and protect public health. However, high amounts of rainfall and subsequent runoff 34 
can overwhelm the capacity of these systems and cause them to overflow. Many older cities in 35 
the Northeast and around the Great Lakes region of the United States have combined sewer 36 
systems (in which stormwater and sewage share the same pipe), which are prone to discharging 37 
raw sewage directly into surface waters after moderate to heavy rainfall (EPA 2004). In addition, 38 
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increases in extreme precipitation events will exacerbate existing problems with inadequate, 1 
aging, or deteriorating wastewater infrastructure throughout the country. These problems include 2 
broken or leaking sewer pipes and failing septic systems that leach sewage into the ground. 3 
Runoff also carries agents of water-related illness into surface water, including freshwater and 4 
marine coastal areas and beaches (Converse et al. 2011; Futch et al. 2010, 2011; Levantesi et al. 5 
2012; Molina 2014; Sauer et al. 2011; Sercu et al. 2011; Uejio et al. 2014). 6 

Water contamination from agricultural activities is related to microbial pathogens and nutrients 7 
in livestock manure and inorganic fertilizers that can stimulate excessive growth or blooms of 8 
harmful algae. Agricultural land covers about 900 million acres across the United States 9 
(Walthall et al. 2012), comprising over two million farms, with livestock sectors concentrated in 10 
certain regions of the United States (Figure 3). Thus agricultural sources of contamination can 11 
affect water quality across the nation. Depending on the type and number of animals, a large 12 
livestock operation can produce between 2,800 and 1,600,000 tons of manure each year (GAO 13 
2008; Hribar 2010). Manure is spread, sprayed, directly deposited, or otherwise applied to 14 
agricultural lands because it contains nutrients important for crop production and organic matter 15 
beneficial to soil health. Runoff from manured land and flooding that causes wastewater lagoons 16 
to overflow can carry contamination agents directly from the land into water bodies (GAO 2008; 17 
Hribar 2010; NRC 2010).  18 

[Figure 3. Locations of Livestock and Projections of Heavy Precipitation] 19 

However, management practices and technologies, such as better timing of manure application 20 
and improved animal feeds, help reduce or eliminate the risks of manure-borne contaminant 21 
transport to public water supplies and reduce nutrients that stimulate harmful algal blooms 22 
(Miller et al. 2007; GAO 2008; NRC 2010; Wilkes et al. 2013). Drinking water treatment and 23 
monitoring practices also help to decrease or eliminate exposure to waterborne illness agents 24 
originating from agricultural environments.  25 

Water contamination from wildlife (for example, rodents, birds, deer, and wild pigs) occurs via 26 
feces and urine of infected animals, which are reservoirs of enteric (intestinal) and other 27 
pathogens (Kilonzo et al. 2013; Fremaux et al. 2010; Wilkes et al. 2013). Warmer winters and 28 
earlier springs are expected to increase animal activity and alter the ecology and habitat of 29 
animals that may carry pathogens (Melillo et al. 2014). This may lengthen the exposure period 30 
for humans and expand the geographic ranges in which pathogens are transmitted (Parmesan and 31 
Yohe 2003; Melillo et al. 2014).  32 

5.4 Climate Change Impacts on Human Exposure Pathways and Health 33 

Risks 34 
Humans are exposed to agents of water-related illness through several pathways, including 35 
drinking water (treated and untreated), recreational waters (freshwater, coastal and marine), and 36 
fish and shellfish.  37 
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5.4.1  Drinking Water 1 
Although the United States has one of the safest drinking water supplies in the world, water-2 
related outbreaks (more than one illness case linked to the same source) still occur (Craun et al. 3 
2010). Drinking water can be both treated and untreated. Public drinking water systems provide 4 
potable water to approximately 90% of Americans, while about 15% of the population relies on 5 
untreated private wells or other private sources for their drinking water (EPA 2015a, 2015b).1 6 
These private sources are not regulated under the Safe Drinking Water Act (42 U.S.C. §300f et 7 
seq. (1974)).  The majority of drinking water outbreaks in the United States are associated with 8 
untreated or inadequately treated ground water, Legionella bacteria, and distribution system 9 
deficiencies (Craun et al. 2010; CDC 2013). Between 2009 and 2010 approximately 93% of 10 
outbreak-related illnesses were associated with untreated groundwater or distribution system 11 
deficiencies (CDC 2013). 12 

Extreme precipitation events have been statistically linked to increased pathogens in treated 13 
drinking water supplies (Bradbury et al. 2013) and to an increased incidence of waterborne 14 
disease outbreaks in multiple regions of the United States (CDC 2011), especially among 15 
children (Uejio et al. 2014; Drayna et al. 2009). This established relationship suggests that 16 
extreme precipitation is a key climate factor for water-related illness (Jofre et al. 2010; Auld et 17 
al. 2004; Salvadori et al. 2009; Fong et al. 2007). Between 1948 and 1994, 68% of outbreaks in 18 
the United States were preceded by extreme precipitation events (Curriero 2001). The 19 
Milwaukee Crytosporidium outbreak in 1993—the largest documented waterborne disease 20 
outbreak in U.S. history, causing an estimated 403,000 illnesses and 50 deaths (Hoxie et al. 21 
1997)—was preceded by the heaviest rainfall event in fifty years in the adjacent watersheds (Patz 22 
et al. 2008). Various treatment plant operational problems were also key contributing factors 23 
(Mac Kenzie et al. 1994). Further, observations in England and Wales show waterborne disease 24 
outbreaks were preceded by both low cumulative rainfall and heavy precipitation events, 25 
suggesting that drought or periods of low rainfall may also be important climate-related factors 26 
(Nichols et al. 2009).  27 

Untreated or minimally treated drinking water systems are also susceptible to contamination 28 
following extreme precipitation events (Kozlica et al. 2010). For example, in May 2000, 29 
following heavy rains, livestock waste containing E. coli O157:H7 and Campylobacter was 30 
carried in runoff to a drinking water well that served as the primary drinking water source for the 31 
town of Walkerton, Ontario, Canada, resulting in 2,300 illnesses and seven deaths (Auld et al. 32 

                                                 
 

1 These numbers add up to more than 100% because some people are served by private wells at their residence and 
by public drinking water systems at schools or other locations. 
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2004; Clark et al. 2003, Salvadori et al. 2009). High rainfall amounts were an important catalyst 1 
for the outbreak, although non-climate factors, such as well infrastructure, operational and 2 
maintenance problems, and lack of communication between public utilities staff and local health 3 
officials also played a role (Salvadori et al. 2009; Walkerton Commission of Inquiry 2002). 4 

Likewise, extreme precipitation events and subsequent increases in runoff are key climate factors 5 
that increase nutrient loading in drinking water sources, which in turn increases the likelihood of 6 
cyanobacterial blooms. Toxins associated with cyanobacterial blooms are often not adequately 7 
removed through the drinking water treatment process, which then compromises water quality 8 
(Zamyadi et al. 2012). Such an event occurred in Toledo, Ohio, in August 2014, when nearly 9 
500,000 residents of the state’s fourth-largest city lost access to their drinking water after tests 10 
revealed the presence of toxins from a cyanobacterial bloom in Lake Erie near the water plant’s 11 
intake (City of Toledo 2014).      12 

These historical events illustrate the types of water-related health risks that are likely to arise as 13 
climate change continues, particularly where it leads to further increases in the frequency or 14 
severity of extreme precipitation, runoff, and flooding (see Chapter 7: Extreme Weather). These 15 
projected climate changes will contribute to contamination of drinking water sources and may 16 
increase human exposure to agents of water-related illness (Patz et al. 2008; Whitehead et al. 17 
2009; Delpla et al. 2009; Sterk et al. 2013; Cann et al. 2013; Schijven et al. 2013; Smith et al. 18 
2015). Drinking water source contamination may be exacerbated or insufficiently addressed by 19 
inadequate treatment processes at the plant or the distribution system, such as during water main 20 
breaks or low-pressure events. Untreated groundwater drawn from municipal and private wells is 21 
of particular concern.   22 

If drinking water is appropriately treated, climate change is not expected to substantially increase 23 
the risk of contracting a water-related illness. However, aging drinking water infrastructure is 24 
one longstanding limitation in controlling waterborne disease (Beach et al. 2009). Climate 25 
change will place additional stresses on the capacity of drinking water treatment facilities and 26 
may increase the risk of failure of, or damage to, water infrastructure for drinking water 27 
(Whitehead et al. 2009; Beach et al. 2009; Levin et al. 2002; Rose et al. 2001). Aging 28 
infrastructure is especially susceptible to failure (Beach et al. 2009; Levin et al. 2002). 29 
Breakdowns in drinking water treatment systems, compounded by aging infrastructure, could 30 
lead to more serious consequences than those we experience now. 31 

  32 
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BOX: Case Study: Modeling Future Extreme Precipitation and Combined Sewer 1 
Overflows in the Great Lakes Urban Coastal Regions  2 

The Great Lakes contain 20% of the Earth’s surface freshwater and provide drinking water to 40 3 
million people. In the 1990s, Milwaukee, WI, made major upgrades to infrastructure capacity, 4 
reducing combined sewage overflows into the Great Lakes from 50 to 60 per year to 2 to 3 per 5 
year (Patz et al. 2008). In order to assess how changing rainfall patterns might affect sewer 6 
capacity in the future, Milwaukee was one of the first cities to integrate regional climate 7 
projections into its detailed engineering models. Using a range of future climate change 8 
scenarios, Milwaukee found a projected 37% increase in the number of combined sewage 9 
overflows each year, resulting in an overall 20% increase in the volume of discharges each year, 10 
looking forward 50 years under the worst-case scenario (Perry et al. 2012).   11 

--end box-- 12 

5.4.2 Recreational Waters 13 
Humans are also exposed to agents of water-related illness through recreation (such as 14 
swimming, fishing, and boating) in freshwater and marine coastal waters. Exposure may occur 15 
directly (ingestion and contact with water) or incidentally (inhalation of aerosolized water 16 
droplets). Recreational waters include lakes, rivers, coastal beaches, and other bodies of water 17 
that people use for swimming, fishing, and boating. 18 

Key climate factors associated with risks of exposure to enteric pathogens in recreational waters 19 
include extreme precipitation events and temperature. Enteric viruses, especially noroviruses, 20 
from human waste (see “Sources of Water-Related Contaminants”) are a primary cause of 21 
gastrointestinal illness from exposure to contaminated recreational fresh and marine water (Table 22 
1; CDC 2014c). There are comparatively fewer reported illnesses and outbreaks of 23 
gastrointestinal illnesses from recreating in marine waters than freshwater, due in part to the 24 
wide dispersion of beach-goers (who may travel long distances to marine beaches) and the lack 25 
of appropriate attribution of marine exposure to illnesses (CDC 2014c,  2011). However, 26 
contamination of marine waters is a significant risk for illness, despite the lack of reported cases 27 
(CDC 2011; Stumpf et al. 2010). In the Great Lakes, rainfall, warmer lake temperatures, and low 28 
lake levels have been linked to increases in fecal bacteria levels, which suggest pathogens may 29 
also be present near beaches (Patz et al. 2008). Season and rainfall are significant predictors for 30 
the prevalence and abundance of some enteric pathogens (Salmonella and Campylobacter) in 31 
freshwater streams in the southeast United States (Haley et al. 2009; Vereen et al. 2013, 2007). 32 
Leptospira is found in urine of animals (Bharti et al. 2003; Howell and Cole 2006), and increased 33 
illness rates are linked to warm temperatures and flooding events (Lau et al. 2010, 2012; Katz et 34 
al. 2011; Hartskeerl et al. 2011; Desvars et al. 2011).  35 

Harmful algal blooms caused by cyanobacteria were responsible for nearly half of all reported 36 
outbreaks in recreational freshwater in 2009 and 2010 (CDC 2014a). Cyanobacteria blooms are 37 
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strongly influenced by rising temperatures, altered precipitation patterns, and changes in 1 
freshwater discharge or flushing rates of water bodies (Paerl and Huisman 2008; O’Neil et al. 2 
2012; Paerl and Paul 2012; Paerl and Otten 2013; Carey et al. 2012; Paerl et al. 2011; Kosten et 3 
al. 2012) (Table 1). Higher temperatures (77°F and above) favor surface-bloom-forming 4 
cyanobacteria over less harmful types of algae (Elliot 2010).  5 

In marine waters, recreational exposure to naturally occurring bacteria (such as Vibrio) may 6 
result in diarrheal illness; eye, ear, and wound infections; or death (Table 1; Newton et al. 2012; 7 
Dechet et al. 2008; CDC 2008). Rates of illness for all Vibrio infections have tripled since 1996, 8 
with V. alginolyticus infections having increased by 40-fold (Newton et al. 2012). Vibrio growth 9 
rates are highly responsive to rising sea surface temperatures and changing salinity patterns 10 
(Froelich et al. 2013; Vezzulli et al. 2012; Lipp et al. 2001; Louis et al. 2003; Griffit and Grimes 11 
2013; Constantin de Magney et al. 2009).  12 

Harmful marine algae, such as “red tide” blooms of Karenia brevis and their associated toxins, 13 
aerosolize in water droplets through wind and wave action and cause acute respiratory illness and 14 
eye irritation in recreational beachgoers (Kirkpatrick et al. 2006; Fleming et al. 2011). People 15 
with preexisting respiratory diseases, specifically asthma, are at increased risk of illness 16 
(Fleming et al. 2005, 2006). Prevailing winds and storms are important climate factors 17 
influencing the accumulation of K. brevis cells in the water (Stumpf et al. 2010; Thyng et al. 18 
2013). For example, in 1996, tropical storm Josephine transported a Florida panhandle bloom as 19 
far west as Louisiana (Maier Brown et al. 2006), the first documented occurrence of K. brevis in 20 
that state.  21 

Climate change, particularly where it leads to further increases in the frequency or severity of 22 
extreme precipitation, runoff, and flooding, will contribute to contamination of recreational 23 
waters and increased exposure to agents of water-related illness (Patz et al. 2008; McLellan et al. 24 
2007; Corsi et al. 2014; Duris et al. 2013; Haley et al. 2009; Staley et al. 2012; McBride et al. 25 
2013). Increases in coastal inundation and nuisance flooding (linked to sea level rise and storm 26 
surge from changing patterns of coastal storms and hurricanes) will negatively affect coastal 27 
infrastructure and increase chances for pathogen contamination (NOAA 2014; Whitehead et al. 28 
2009) (see also Ch. 7: Extreme Weather). In areas where increasing temperatures lengthen the 29 
seasons for recreational swimming and other water activities, exposure risks are expected to 30 
increase (Casman et al. 2001; Naumova et al. 2007).  31 

As average temperatures rise, the seasonal and geographic range of suitable habitat for 32 
cyanobacterial species is projected to expand (Peeters et al. 2007; Suikkanen et al. 2007; 33 
Wiedner et al. 2007; Wagner and Adrian 2009; Vincent and Quesada 2012). For example, 34 
tropical and subtropical species like Cylindrospermopsis raciborskii, Anabaena spp. and 35 
Aphanizomenon sp. have already shown poleward expansion into mid-latitudes of Europe, North 36 
America, and South America (Padisák, 1997; Stüken et al. 2006; Kosten et al. 2012). Increasing 37 
variability in precipitation patterns and more extreme precipitation events (which will increase 38 
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nutrient loading) will also likely affect cyanobacterial communities. If such events are followed 1 
by extended drought periods, the stagnant, low-flow conditions accompanying droughts will 2 
favor cyanobacterial dominance and bloom formation (Paerl et al. 2011a; Elliott 2012).  3 

In recreational waters, projected increases in sea surface temperatures are expected to lengthen 4 
the seasonal window of growth and expand geographic range of Vibrio (Jacobs et al. 2014; 5 
Vezzulli et al. 2012; Hallegraeff 2010). These changes will increase the likelihood that people 6 
will be exposed to higher levels of Vibrio in recreational waters. Projected regional climate 7 
changes that affect coastal salinity (such as flooding, drought, and sea level rise) can also affect 8 
the population dynamics of these agents (Griffit and Grimes 2013; Froelich et al. 2012; Lipp et 9 
al. 2001), with implications for human exposure risk. For “red tide” blooms of K. brevis, the 10 
potential for increasing intensity of hurricanes may redistribute toxic blooms into new 11 
geographic locations, which would change human exposure risk in newly affected areas.  12 

5.4.3 Fish and Shellfish 13 
Water-related contaminants as well as naturally occurring harmful bacteria and algae can be 14 
accumulated by fish or shellfish, providing a route of human exposure through consumption 15 
(Shapiro et al. 2012, Ho and Leung 2014; Copat et al. 2013). Shellfish, including oysters, are 16 
often consumed raw or very lightly cooked, which increases the potential ingestion of an 17 
infectious pathogen (USFDA 2005). Between 2001 and 2008, 13% of all foodborne norovirus 18 
outbreaks were attributed to shellfish (Hall et al. 2012). 19 

Pathogens Associated with Fish and Shellfish 20 
Outbreaks and illnesses due to enteric viruses (for example, noroviruses and hepatitis A virus) 21 
found in sewage are the primary causes of enteric illness due to shellfish consumption (Bellou et 22 
al. 2013; Iwamoto et al. 2010). Rainfall increases the load of contaminants associated with 23 
sewage to shellfish harvesting waters and may temporarily reduce salinity, which can increase 24 
persistence of many intestinal bacteria and viruses (Le Saux et al. 2009; Wang and Deng 2012; 25 
Riou et al. 2007; Coulliette et al. 2009). Currently, shellfish beds are preemptively closed to 26 
harvesting at watershed-specific rainfall threshold levels (NSSP 2011). Many intestinal viruses 27 
also exhibit seasonal patterns in infection rates and detection rates in the environment that may 28 
be related to temperature (Woods and Burkhardt 2010; Lowther et al. 2008; Maalouf et al. 2010).  29 

Among naturally occurring water-related pathogens, Vibrio vulnificus and V. parahaemolyticus 30 
are the species most often implicated in foodborne illness in the United States, accounting for 31 
more than 50% of reported shellfish-related illnesses (Crim et al. 2014; Rippey 1994; Lynch et 32 
al. 2006; Vugia et al. 2006; Iwamoto et al. 2010). Cases have increased significantly since 1996 33 
(Newton et al. 2013; CDC 2014b). Rising sea surface temperatures have contributed to an 34 
expanded geographic and seasonal range in outbreaks associated with shellfish (Martinez-Urtaza 35 
et al. 2010, 2013; Vezzulli et al. 2011; Mclaughlin et al. 2005; CDC 2014d).  36 
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Precipitation is expected to be the primary climate driver affecting enteric pathogen loading to 1 
shellfish harvesting areas, although temperature also affects accumulation rates for some enteric 2 
viruses. However, there are currently no national projections for the associated risk of shellfish 3 
consumption. Many local and state agencies have developed plans for closing shellfish beds in 4 
the event of threshold-exceeding rain events that lead to loading of these contaminants and 5 
deterioration of water quality (NSSP 2011). Current evidence demonstrates that pathogen and 6 
algal toxin levels in shellfish may be linked in part to climate, but little is known about the 7 
projected effects of climate change on contamination of fish and shellfish by chemical 8 
contaminants (see “Emerging Issues”). 9 

For naturally occurring pathogens, increasing sea surface temperatures and changes in 10 
precipitation and freshwater delivery to coastal waters will continue to affect Vibrio growth and, 11 
along with sea level rise, these changes are expected to increase human exposure (Baker-Austin 12 
et al. 2013; Martinez-Urtaza et al. 2010; Vezzulli et al. 2012; Froelich et al. 2012). Models 13 
project increased abundance and extended seasonal windows of growth of Vibrio pathogens 14 
(Text Box 1, Jacobs et al. 2014). Impacts are currently estimated to exceed $250 million. The 15 
magnitude of the impacts depends on the use of intervention strategies, and on public and 16 
physician awareness (Ralston et al. 2011). 17 

BOX: Research Highlight: The Effect of Warming on Seasonal Vibrio Abundance and 18 
Distribution 19 

Importance: Vibrio are naturally occurring pathogens in coastal environments that cause 20 
illnesses ranging from gastroenteritis to septicemia (blood infection) and death from both water 21 
contact and ingestion of raw or undercooked seafood, specially shellfish. Vibrio are highly 22 
responsive to environmental conditions; key climate-related factors that increase Vibrio growth 23 
and abundance include rising sea surface temperatures and changing salinity patterns (Froelich et 24 
al. 2013; Vezzulli et al. 2012; Lipp et al. 2001; Louis et al. 2003; Griffit and Grimes 2013; 25 
Constantin de Magney et al. 2009). Additionally, turbidity (water clarity), plankton abundance 26 
and composition, extreme precipitation (or drought), and coastal flooding, including storm surge 27 
and sea level rise, can affect Vibrio abundance in water and, in turn, human exposure risk 28 
(Turner et al. 2009, 2014; Froelich et al. 2012; Hashizume et al. 2011; Dechet et al. 2008; Lara et 29 
al. 2009; Vezzulli et al. 2012). However, elevated water temperature (above 15°C, or 59°F) is the 30 
major controlling factor for growth, and thus it is projected that global ocean warming will 31 
increase risk of exposure by extending seasonal windows of growth and geographical range of 32 
occurrence.  33 

Objective: A quantitative projection of future shifts in Vibrio seasonal abundance and 34 
geographic range. 35 

Method: Monthly average sea surface temperatures were projected for the 2030s, 2050s, and 36 
2090s based on statistical downscaling of up to 21 global climate models for the Chesapeake Bay 37 
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and Alaskan coastline. Previously published empirical models relating sea surface temperature 1 
and salinity to Vibrio vulnificus and V. parahaemolyticus were used to project probability of 2 
occurrence and abundance in Chesapeake Bay waters and oysters. GIS mapping of Alaskan 3 
coastal waters was used to project the distribution of monthly average water temperatures 4 
exceeding 15°C (59°F) (Jacobs et al. 2014) 5 

Results and Conclusions: Modeling results suggest increases in both abundance and 6 
geographical range of Vibrio. In the Chesapeake, the probability of occurrence of V. vulnificus is 7 
projected to increase by nearly 16% in the shoulder months of the growing season (May and 8 
September), with a similar increase in abundance of V. parahaemolyticus in oysters (Figure 4). 9 
Analysis of temperature projections for Alaskan coastal waters showed that habitat availability 10 
for Vibrio growth is projected to increase to nearly 60% of the Alaskan shoreline in August by 11 
the 2090s (Figure 5). These results increase the confidence of key findings in that the geographic 12 
and seasonal extent of available habitat for Vibrio is highly likely to increase with future climate 13 
change.    14 

[Figure 4. Projections of Vibrio Occurrence and Abundance]  15 

[Figure 5. Changes in Suitable Vibrio Habitat in Alaska]   16 

-- end box-- 17 

Harmful Algal Toxins 18 
Harmful algal blooms (HABs) that contaminate seafood with toxins are becoming increasingly 19 
frequent and persistent in coastal marine waters, and some have expanded into new geographic 20 
locations (Campbell et al. 2010; Nishimura et al. 2013; Tester et al. 1991; Hallegraeff 1993; Van 21 
Dolah 2000). Attribution of this trend has been complicated for some species, with evidence to 22 
suggest that human-induced changes (ballast water exchange, aquaculture, nutrient loading to 23 
coastal waters, and climate change) have contributed to this expansion (Hallegraeff 1993; Sellner 24 
et al. 2003). 25 

Among HABs associated with seafood, ciguatera fish poisoning (CFP) is most strongly 26 
influenced by climate (Chateau-Degat et al. 2005; Gingold et al. 2014; Tester et al. 2010). CFP is 27 
caused by toxins produced by the benthic algae Gambierdiscus and is the most frequently 28 
reported fish poisoning in humans (Litaker et al. 2009). There is a well-established link between 29 
warm sea surface temperatures and increased occurrences of CFP (Chateau-Degat et al. 2005; 30 
Gingold et al. 2014; Tester et al. 2010), and in some cases increases have also been linked to El 31 
Niño-Southern Oscillation (ENSO) events (Hales et al. 1999). The frequency of severe tropical 32 
storms in the United States has also been associated with CFP, but with an 18-month lag period 33 
associated with the time required for a new habitat for Gambierdiscus to develop in the wake of 34 
severe storms (Chateau-Degat et al. 2005; Gingold et al. 2014).   35 
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Paralytic shellfish poisoning (PSP) is the most globally widespread shellfish poisoning 1 
associated with algal toxins (Erdner et al. 2008), and records of PSP toxins in shellfish tissues 2 
(an indicator of toxin-producing species of Alexandrium) provide the longest time series in the 3 
United States for evaluating climate impacts. Warm phases of the naturally occurring climate 4 
pattern known as the Pacific Decadal Oscillation co-occur with increased PSP toxins in Puget 5 
Sound shellfish on decadal timescales (Moore et al. 2010), and it is very likely that the 20th 6 
century warming trend also contributed to the observed increase in shellfish toxicity since the 7 
1950s (Moore et al. 2011; Trainer et al. 2003). Warm spring temperatures also contribute to 8 
blooms of Alexandrium in a coastal New York estuary (Hattenrath et al. 2010). Decadal patterns 9 
in PSP toxins in Gulf of Maine shellfish show no clear relationships with long-term trends in 10 
climate (Anderson et al. 2014; Nair et al. 2013; Thomas et al. 2010), but ocean-climate 11 
interactions and changing oceanographic conditions are important for Alexandrium bloom 12 
dynamics in this region (for example, McGillicuddy Jr. et al. 2011). 13 

There is less agreement on the extent of climate impacts on the other marine HAB-related 14 
diseases in the United States. Increased abundances of Pseudo-nitzschia species, which can cause 15 
amnesic shellfish poisoning (ASP), have been attributed to nutrient enrichment in the Gulf of 16 
Mexico (Parsons and Dortch 2002); but on the West Coast, increased abundances of at least 17 
some species of Pseudo-nitzschia occur during warm phases associated with El Niño events 18 
(Fryxell et al. 1997). For Dinophysis species that can cause diarrhetic shellfish poisoning (DSP), 19 
data records are too short to evaluate potential relationships with climate (Campbell et al. 2010; 20 
Trainer et al. 2013), but studies in Sweden have found relationships with natural climate 21 
oscillations (Belgrano et al. 1999).  22 

The projected impacts of climate change on toxic marine harmful algae include: 1) geographic 23 
range changes in both warm- and cold-water species, 2) changes in abundance and toxicity, and 24 
3) changes in the timing of the seasonal window of growth (Anderson et al. 2012; Fu et al. 2012; 25 
Moore et al. 2008; Hallegraeff 2010). These impacts will likely result from changes to: 1) water 26 
temperatures; 2) salinities; 3) enhanced surface stratification; 4) nutrient availability and supply 27 
to coastal waters (upwelling and freshwater runoff); and 5) altered winds and ocean currents 28 
(Anderson et al. 2012; Backer and Moore 2012; Laws 2007; Moore et al. 2008; Hallegraeff 29 
2010).  30 

Our limited understanding of the interactions among climate and non-climate stressors and, in 31 
some cases, inadequately designed experiments for investigating decadal- or century-scale 32 
trends, hampers our ability to forecast the direction and magnitude of change in toxic marine 33 
HABs (Fu et al. 2012; Hallegraeff 2010). But changes to the community composition of marine 34 
microalgae, including harmful species, will occur (Hays et al. 2005; Anderson et al. 2012). There 35 
is some evidence to suggest that dinoflagellates—the algal group containing numerous toxic 36 
species—will be favored because they possess certain physiological characteristics that allow 37 
them to take advantage of climatically-driven changes in the structure of the ocean (for example, 38 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  176 

 

stronger vertical stratification and reduced turbulence) (Berdalet et al. 2007; Laws 2007; 1 
Margalef et al. 1979; Moore et al. 2008), but not always (Hinder et al. 2012).  2 

Climate change, especially continued warming, will dramatically increase the burden of marine 3 
HAB-related diseases in the United States, with strong implications for disease surveillance and 4 
public health preparedness. For example, the projected 4.5°F to 6.3°F increase in sea surface 5 
temperature in the Caribbean over the coming century is estimated to increase the incidence of 6 
ciguatera fish poisoning by 200% to 400% (Gingold et al. 2014). In Puget Sound, warming is 7 
projected to increase the seasonal window of growth for Alexandrium by approximately 30 days 8 
by 2040, allowing blooms to begin earlier in the year and persist for longer (Moore et al. 2014, 9 
2011, 2008).  10 

BOX: Research Highlight on Modeling: Increased Risk of Ciguatera Fish Poisoning (CFP) 11 

Importance: Ciguatera fish poisoning is caused by consumption of fish contaminated with 12 
toxins produced by dinoflagellates, such as those of the genus Gambierdiscus. There is a well-13 
established link between warm sea surface temperatures and increased occurrence of CFP, and 14 
thus concern that global ocean warming will affect the risk of illness. 15 

Objective: A quantitative projection of future shifts in species of Gambierdiscus.  16 

Method: Growth models developed for three Caribbean species of Gambierdiscus were run 17 
using 11 Global Climate Model projections for specific buoy locations in the western Gulf of 18 
Mexico, Yucatan channel, and eastern Caribbean Sea through 2099. For further detail, see Kibler 19 
et al. 2014. 20 

Results and Conclusions: Modeling results suggest substantial changes in dominant species 21 
composition (Figure 6). Lower thermal tolerances of some species may result in geographic 22 
range shifts to more northern latitudes, particularly from the Yucatan and eastern Caribbean Sea. 23 
The projected shift in distribution may have substantial impacts upon the flux of CFP toxins into 24 
the marine food web. 25 

[Figure 6. Projected Changes in Caribbean Gambierdiscus Species] 26 

-- end box -- 27 

BOX: Research Highlight on Modeling: Expanded Seasonal Windows for Harmful Algal 28 
Blooms 29 

Importance: When some harmful algae in the genus Alexandrium bloom, toxins are produced 30 
that accumulate in shellfish. When these shellfish are consumed, gastrointestinal illness and 31 
neurological symptoms, known as paralytic shellfish poisoning (PSP), can occur. Death can 32 
result in extreme cases. Because growth of Alexandrium is regulated in part by warm water 33 
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temperature, conditions appropriate for bloom formation may expand seasonally, increasing the 1 
risk of illness. 2 

Objective: A quantitative projection of future conditions appropriate for Alexandrium bloom 3 
formation in Puget Sound.  4 

Method: Monthly average sea surface temperature was projected for Quartermaster Harbor, 5 
Puget Sound, for the 2030s, 2050s, and 2090s based on statistical downscaling of 21 Global 6 
Climate Models. The projections were applied to previously published empirical models relating 7 
temperature and salinity to Alexandrium growth. For more detail, see Jacobs et al. 2014. 8 

Results and Conclusions: Modeling results indicate that Alexandrium blooms could develop up 9 
to two months earlier in the year and persist for up to two months longer compared to the present 10 
day (Figure 7). All model projections indicate that the bloom season will expand by at least one 11 
month on either side of the present-day bloom season by 2100. Therefore, it is likely that the risk 12 
of Alexandrium blooms that can contaminate shellfish with potent toxins will increase. 13 
This may increase the risk of human exposure to the toxins which can cause paralytic shellfish 14 
poisoning. 15 

[Figure 7.  Projections of Growth of A. fundyense] 16 

-- end box -- 17 

5.5 Populations of Concern 18 
For children, climate change is expected to increase the risk of gastrointestinal illness from 19 
various pathways related to projected increases in heavy rainfall, flooding, and coastal storm 20 
events, including reduced access to potable water and flushable toilets and higher likelihood of 21 
coming into contact with untreated sewage (Lane et al. 2013; Xu et al. 2012; Bernstein and 22 
Myers 2011; Kistin et al. 2010). Pregnant women who develop severe diarrheal illness from 23 
contact with contaminated water are at high risk for adverse pregnancy outcomes (pregnancy 24 
loss, preterm birth) (Rylander et al. 2013). For rural Alaska and Alaska Native inhabitants, future 25 
climate change is expected to threaten the quantity and quality of the water supply through 26 
seasonal drought; microbial contamination after heavy rainfall, flooding, or storm surges; 27 
increased turbidity related to permafrost melting; and increased growth or emergence of natural 28 
pollutants (Furth 2010; Evengard et al. 2011). Many Alaska Natives already experience existing 29 
health disparities related to inadequate or nonexistent water and wastewater treatment 30 
infrastructure in their villages (Hennessey et al. 2008; Furth 2010). 31 

Because children swallow roughly twice as much water as adults while swimming, their 32 
recreational exposure risk will increase for both enteric and non-enteric pathogens (McBride et 33 
al. 2013). Recent cryptosporidiosis and giardiasis cases have frequently been reported in children 34 
aged one to nine years, with onset of illness peaking during the summer months (CDC 2012). In 35 
addition, 40% of swimming-related eye and ear infections from Vibrio alginolyticus during the 36 
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period 1997−2006 were reported in children and students (median age of 15) (Dechet et al. 1 
2008). 2 

Especially in the Pacific Northwest and Alaska, traditional tribal fish and shellfish consumption 3 
can be on average 3 to 10 times higher than that of average U.S. consumers, or even up to 20 4 
times higher (Judd et al. 2005). Climate change will contribute to increased seafood 5 
contamination by toxins and potentially by chemical contaminants (see “Emerging Issues”). 6 
Potential health risks and cultural implications for tribal communities include consuming 7 
traditional diets regardless of contamination risk, replacing traditional nutrition sources with 8 
cheaper and less-healthy store-bought food, and the loss of cultural practices tied to fish and 9 
shellfish harvest (Lefebvre and Robertson 2010; Donatuto et al. 2011; Lewitus et al. 2012). 10 

5.6 Emerging Issues 11 
A key emerging issue is the impact of climate on new and re-emerging pathogens. While cases 12 
of primary ameobic meningoencephalitis due to Naegleria fowleri remain relatively uncommon, 13 
a geographic expansion of cases has been observed in the last five years (Yoder et al. 2012; 14 
Kemble et al. 2012). Evidence suggests that in addition to detection in source water (ground and 15 
surface waters), biofilms associated with water distribution systems also harbor these amoebae, 16 
where they may grow as temperatures increase (Biyela et al. 2012). Climate change may alter the 17 
patterns or magnitude of chemical contamination of seafood, leading to altered effects on human 18 
health. Rising temperatures and reduced ice cover are already linked to increasing burdens of 19 
mercury and organohalogens in Arctic fish (Carrie et al. 2010), a sign of increasing 20 
contamination of the Arctic food chain. Toxic chemical contaminants such as mercury, 21 
organohalogens, and some pesticides can accumulate to high levels in aquatic animals. While 22 
consumption of seafood is shown to confer many health benefits (Mozaffarian and Rimm 2006), 23 
consumption of contaminated seafood is often linked to increased illness in humans (Ho and 24 
Leung 2014; Copat et al. 2013). Changes in hydrology resulting from climate change are 25 
expected to alter releases of chemical contaminants into the nation’s surface waters, with as yet 26 
unknown effects on seafood contamination.  27 

5.7 Research Needs 28 
Robust public health surveillance systems and reporting capacity are essential for reliable, 29 
representative, and long-term data and observations. Such data can help to establish a baseline 30 
for evaluating potential future linkages between climate and weather variables and waterborne 31 
illnesses. There are significant challenges to sustaining research over the time required to answer 32 
the questions about the extent to which climate will effect waterborne disease and water related 33 
illness. The type of research required is inherently multidisciplinary, multiagency and multi-34 
institutional.  35 

Some of the key scientific gaps include: 1) sustained collection of public health, epidemiological, 36 
environmental, social, and climate data; 2) targeted studies to understand associations between 37 
climate drivers, water-related sources, ecosystem changes, and emerging climate-sensitive 38 
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waterborne pathogens (such as Vibrios, Naegleria fowleri, and harmful algal blooms) in order to 1 
develop population health risk assessment and prediction tools; 3) the role of marine and 2 
terrestrial wildlife and other animals in the distribution of pathogens; 4) the role of ocean 3 
acidification on toxin production and distribution of marine HABs and pathogens; 5) developing 4 
hydrologic (discharge, flow-residence time, mixing) thresholds for predicting HAB occurrences; 5 
6) how climate change will impact aging water infrastructure/distribution systems; 7) how 6 
climate change will affect the use of desalination and water reuse practices, and if these practices 7 
present potential new routes of exposure to agents of water-related illness.  8 
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5.8 Traceable Accounts 1 

Process for Developing Key Messages 2 
The key messages were developed during technical discussions and expert deliberation at a two-3 
day meeting of the chapter Lead and Contributing Authors held in Washington, DC, September 4 
10-11, 2014; through technical discussions from September through December 2014 via three 5 
teleconferences; multiple email communications on points of detail and issues of expert 6 
judgment; working collaboratively on a shared document; and an author team call to finalize the 7 
Traceable Account draft language on December 2, 2014. These discussions were held after a 8 
review of the literature pertaining to human health. An author team email exchange including 9 
contributing authors was dedicated to key messages in January 2015. Refinement of the key 10 
messages continued over the period of January to March of 2015. 11 

Seasonal and Geographic Expansion of Waterborne Illness Risk 12 

Key Finding 1: Increases in both coastal and inland water temperatures associated with climate 13 
change will expand the seasonal windows of growth [Very Likely, High Confidence] and the 14 
geographic range of suitable habitat [Likely, High Confidence] for naturally occurring pathogens 15 
and toxin-producing harmful algae. These changes are projected to increase the risk of exposure 16 
to waterborne pathogens and algal toxins that can cause a variety of illnesses [Medium 17 
Confidence]. 18 

Description of evidence base 19 
Vibrio, a genus of naturally occurring waterborne pathogens, thrives in water temperatures above 20 
a 59°F threshold for growth. Rising sea surface temperatures due to climate change have 21 
contributed to an expanded geographic and seasonal range in outbreaks associated with shellfish 22 
(Martinez-Urtaza et al. 2010; Martinez-Urtaza et al. 2013; Vezzulli et al. 2012; Mclaughlin et al. 23 
2005; CDC 2014d). In recreational waters, projected increases in sea surface temperatures are 24 
expected to lengthen the seasonal window of growth and expand geographic range of Vibrio 25 
(Jacobs et al. 2014; Vezzulli et al. 2012; Hallegraeff, 2010). Rates of illness for all Vibrio 26 
infections have tripled since 1996, with V. alginolyticus infections having increased by 40-fold 27 
(Newton et al. 2012). Increasing sea surface temperatures and changes in precipitation and 28 
freshwater delivery to coastal waters will continue to affect Vibrio growth and, along with sea 29 
level rise, these changes are expected to increase human exposure (Baker-Austin et al. 2013; 30 
Martinez-Urtaza et al. 2010; Vezzulli et al. 2011; Froelich et al. 2012). 31 

Most harmful algae, including freshwater cyanobacteria that can contaminate drinking water and 32 
marine dinoflagellate and diatom species that can contaminate fish and shellfish with natural 33 
toxins, thrive in warm water. As the climate continues to warm, water temperatures will rise 34 
above thresholds that promote bloom development earlier in the spring and will persist longer 35 
into the fall and expand into higher latitudes. This will result in a longer seasonal window and 36 
geographic range for human exposure, especially reaching higher latitudes (Peeters et al. 2007; 37 
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Suikkanen et al. 2007; Wiedner et al. 2007; Wagner and Adrian 2009; Vincent and Quesada 1 
2012; Anderson et al. 2012; Fu et al. 2012; Moore et al. 2008; Hallegraeff 2010; Backer and 2 
Moore 2012; Laws 2007). Climate change, especially continued warming, will dramatically 3 
increase the burden of marine HAB-related diseases in the United States. For example, the 4 
projected 4.5°F to 6.3°F increase in sea surface temperature in the Caribbean over the coming 5 
century is estimated to increase the incidence of ciguatera fish poisoning by 200% to 400% 6 
(Gingold et al. 2014). In Puget Sound, warming is projected to increase the seasonal window of 7 
growth for Alexandrium by approximately 30 days by 2040, allowing blooms to begin earlier in 8 
the year and persist for longer (Moore et al. 2014, 2011, 2008). 9 

Major uncertainties 10 
Uncertainty remains regarding the relative importance of additional factors that may also act on 11 
naturally occurring pathogens and harmful algae at local or regional levels to influence their 12 
growth. In many cases, it is uncertain how these multiple factors may interact with each other to 13 
influence the seasonal windows and geographic range for pathogens and harmful algae. For 14 
example, in Vibrio populations, changes in salinity, presence of plankton, and presence of 15 
viruses or grazers can affect abundance. Additional research is also needed to confirm changing 16 
distribution patterns for some marine species of harmful algae. Some regions may become too 17 
warm for certain species of harmful algae to grow, shifting (without changing) or even shrinking 18 
their geographic range. 19 

Additionally, there are limited studies on actual projections for changes in illness rates due to 20 
naturally occurring pathogens and harmful algae. Uncertainty remains regarding appropriate 21 
methods for projecting changes in illness rates, including how to integrate considerations of 22 
human behavior into modeling (current methods to assess exposure risk assume similar human 23 
behavior across time scales and geography). Methodological challenges are related to: 1) 24 
baseline case reporting issues (underreporting and underdiagnosis), 2) ability to project changes 25 
in strain virulence, 3) accounting for the effects of potential adaptation strategies/public health 26 
interventions (for example, public service announcements about how to avoid exposure), and 4) 27 
accounting for changes in public healthcare infrastructure and access that can reduce the risk of 28 
exposure or of illness/death if exposed. 29 

Assessment of confidence and likelihood based on evidence 30 
Based on the evidence, there is high confidence that, with changing climate, the seasonal 31 
conditions favorable for water-related pathogens and harmful algae to persist and thrive will 32 
expand, resulting in a longer potential time for exposure, and geographic range exposing a wider 33 
(or novel) population. Consistent and high-quality evidence from laboratory studies, modeling 34 
efforts, field surveys and comparisons of historic and contemporary conditions support this 35 
finding. The conclusion regarding expanded seasonality was deemed very likely to occur under 36 
future climate change based on good levels of agreement found in the published quantitative 37 
modeling projections for both Vibrio and Alexandrium cited above. The conclusion regarding 38 
expanded geographic ranges of suitable habitat was deemed likely to occur under future climate 39 
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change based on the quantitative modeling projections cited above, as well as considerations that 1 
for some marine algae (for example, Gambieridiscus), lower latitudes may become too warm and 2 
risk may decline in those areas as it increases at higher latitudes. In both cases, there is less 3 
agreement from modeling results regarding the magnitude of projected changes in abundance, 4 
and quantitative data and projections are lacking for future illness rates. Thus, the available 5 
evidence supports a level of medium confidence that exposure risk will increase under future 6 
climate change. 7 

Exposure Risk from Extreme Precipitation Events 8 

Key Finding 2: Recreational waters and sources of drinking water will be compromised by an 9 
increasing frequency or intensity of extreme precipitation events [High Confidence]. Surface 10 
runoff and flooding associated with heavy precipitation and storm surge events increase 11 
pathogen loads originating from urban, agricultural, and wildlife sources and promote blooms of 12 
harmful algae in both fresh and marine waters. Greater pathogen or algal toxin loading in 13 
drinking and recreational water sources following an extreme weather event will increase risk of 14 
human exposure to agents of water-related illness [Medium Confidence]. 15 

Description of evidence base 16 
Extreme precipitation can mobilize pathogens, nutrients, and chemical contaminants from 17 
agricultural, wildlife, and urban sources. Waterborne illness and outbreaks from pathogens 18 
following heavy precipitation events have been well documented through both passive and active 19 
surveillance on a local and regional level (Bradbury 2013; CDC 2011; Jofre et al. 2010; Auld et 20 
al. 2004; Salvadori et al. 2009; Fong et al. 2007; Curriero et al. 2001; Hoxie et al. 1997; Mac 21 
Kenzie et al. 1994). Likewise, extreme precipitation events and subsequent increases in runoff 22 
are key climate factors that increase nutrient loading in drinking water sources, which in turn 23 
increases the likelihood of cyanobacterial blooms. Toxins associated with cyanobacterial blooms 24 
are often not adequately removed through the drinking water treatment process, which then 25 
compromises water quality (Zamyadi et al. 2012). Increased frequency of extreme weather 26 
events are projected for many regions in the United States as climate changes. Increased runoff 27 
and flooding events are expected to increase contamination of source waters (for drinking water 28 
supply) and surface waters used for recreation, which may increase people’s exposure to 29 
pathogens and toxins that cause illness (Cann et al. 2013; McLellan et al. 2007; Perry et al. 2012; 30 
Whitehead et al. 2009; Delpla et al. 2009; Patz et al. 2008; Sterk et al. 2013; Schijven et al. 2013; 31 
Smith et al. 2015; Corsi et al. 2014; Duris et al. 2013; Haley et al. 2009; Staley et al. 2012; 32 
McBride et al. 2013). 33 

Major uncertainties 34 
Changes in exposure and risk are attributable to many factors in addition to climate. While 35 
extreme precipitation and flooding events lead to direct introduction of contaminants and 36 
pathogens, they may not always result in increases in exposure due to protective measures and 37 
adaptive actions. There are limited studies on actual projections for changes in illness rates due 38 
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to increasing frequency or intensity of extreme precipitation events. Uncertainty remains 1 
regarding appropriate methods for projecting changes in illness rates, including how to integrate 2 
considerations of human behavior into modeling (current methods to assess exposure risk assume 3 
similar human behavior across time scales and geography). Methodological challenges are 4 
related to: 1) baseline case reporting issues (underreporting and underdiagnosis), 2) accounting 5 
for the effects of potential adaptation strategies/public health interventions (for example, public 6 
service announcements about how to avoid exposure), and 3) accounting for changes in public 7 
healthcare infrastructure and access that can reduce the risk of exposure or of illness/death if 8 
exposed. 9 

Assessment of confidence and likelihood based on evidence 10 
Based on the evidence, there is high confidence that increasing frequency or intensity of extreme 11 
precipitation events will compromise recreational waters and sources of drinking water with 12 
pathogens, nutrients, and chemical contaminants from agricultural, wildlife, and urban sources. 13 
There is consistent qualitative evidence that flooding associated with extreme precipitation 14 
events and storm surge results in loading of pathogens and nutrients to surface and groundwater 15 
(and drinking water distribution systems) through stormwater runoff and sewage overflows. 16 
However, there are no national-level studies upon which to draw conclusions regarding 17 
quantitative projections of increased exposure. Thus, the limited number of studies supports a 18 
medium confidence level that human exposure risk will increase due to changes in extreme 19 
events. 20 

Water Infrastructure Failure or Damage 21 

Key Finding 3: Increases in some extreme weather events and storm surge will increase the risk 22 
of failure of, or damage to, water infrastructure for drinking water, wastewater, and stormwater 23 
[Medium Confidence]. Aging infrastructure is particularly susceptible to failure. A breakdown in 24 
water infrastructure would contribute to increased risk of exposure to water-related pathogens, 25 
chemicals, and algal toxins. 26 

Description of evidence base 27 
If functioning properly and within their capacity, local urban or rural water infrastructure (which 28 
includes municipal wastewater systems, septic systems, and stormwater conveyance systems) 29 
manages water quality and protects public health. However, water infrastructure in the United 30 
States is aging and may be inadequate or deteriorating. Combined sewers in many older cities 31 
were not designed to handle extreme precipitation events that are becoming more frequent with 32 
climate change. These systems are at risk of being overwhelmed during flood events or may be 33 
further damaged during other extreme weather events (e.g., storm surge), allowing contaminated 34 
surface water to run off into drinking water and recreational water sources (Cann et al. 2013; 35 
McLellan et al. 2007; Perry et al. 2012; Whitehead et al. 2009; Delpla et al. 2009; Patz et al. 36 
2008). Drinking water source contamination may be exacerbated or insufficiently addressed by 37 
inadequate treatment processes at the plant or the distribution system. Drinking water treatment 38 
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plants may be challenged by high pathogen loads and toxic cyanobacterial bloom events 1 
(Zamyadi et al. 2012) Climate change will place additional stresses on the capacity of drinking 2 
water treatment facilities and may increase the risk of failure of, or damage to, water 3 
infrastructure, especially aging infrastructure (Whitehead et al. 2009; Beach et al. 2009; Levin et 4 
al. 2002; Rose et al. 2001).   5 

Major uncertainties 6 
The human health consequences of aging water infrastructure failure depend not only on the 7 
local and regional climate factors that contribute to the failure, but also the nature of the failure, 8 
the population affected, and the timeliness and adequacy of the response—all of which are 9 
inherently local or regional factors. Due to the complicated local and regional specificity, there 10 
are no national projections of the human health impact of water infrastructure failure. 11 
Uncertainty remains regarding appropriate methods for projecting changes in illness rates, 12 
including how to integrate considerations of human behavior into modeling (current methods to 13 
assess exposure risk assume similar human behavior across time scales and geography). 14 
Methodological challenges are related to: 1) baseline case reporting issues (underreporting and 15 
underdiagnosis), 2) accounting for the effects of potential adaptation strategies/public health 16 
interventions (for example, mitigating risk with improvements to current water and sewerage 17 
systems), and 3) accounting for changes in public healthcare infrastructure and access that can 18 
reduce the risk of exposure or of illness/death if exposed. 19 

Assessment of confidence based on evidence 20 
Based on the evidence found in the peer-reviewed literature, there is medium confidence that the 21 
anticipated climate change related increases in some extreme weather events and in storm surge 22 
will increase the risk of failure of, or damage to, water infrastructure for drinking water, 23 
wastewater, and stormwater, with aging infrastructure being particularly vulnerable. Evidence 24 
shows contamination to or from these systems occurs with heavy precipitation and other extreme 25 
weather events. There is consistent qualitative evidence suggesting that projected climate change 26 
effects on extreme weather patterns—particularly extreme precipitation and storm surge—can 27 
adversely affect water infrastructure and lead to increased loading of pathogens and 28 
contaminants. However, there are no national-level studies upon which to draw conclusions 29 
regarding quantitative projections of increased exposure. Thus, the limited number of studies 30 
supports a medium confidence level. 31 

  32 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  185 

 

5.9 References 1 
Anderson, D. M., A. D. Cembella, and G. M. Hallegraeff, 2012: Progress in understanding 2 

harmful algal blooms: paradigm shifts and new technologies for research, monitoring, and 3 
management. Ann Rev Mar Sci, 4, 143-76.  4 

Anderson, D. M., D. A. Couture, J. L. Kleindhinst, B. A. Keafer, D. J. McGillicuddy Jr., J. L. 5 
Martin, M. L. Richlen, J. M. Hickey, and A. R. Solow, 2014: Understanding interannual, 6 
decadal level variability in paralytic shellfish poisoning toxicity in the Gulf of Maine: The 7 
HAB Index. Deep-Sea Research II, 103, 264-276.  8 

Auld, H., D. Maclver, and J. Klaassen, 2004: Heavy Rainfall and Waterborne Disease Outbreaks: 9 
The Walkerton Example. Journal of Toxicology and Environmental Health, Part A, 67, 1879-10 
1887, doi:10.1080/15287390490493475.  11 

Backer, L. C., and S. K. Moore, 2012: Harmful algal blooms: Future threats in a warmer world. 12 
Environmental Pollution and its Relation to Climate Change, A. E. Nemr, Ed., Nova Science 13 
Publishers, 485-512.  14 

Baker-Austin, C., J. A. Trinanes, N. G. H. Taylor, R. Hartnell, A. Siitonen, and J. Martinez-15 
Urtaza, 2013: Emerging Vibrio risk at high latitudes in response to ocean warming. Nature 16 
Climate Change, 3, 73-77, doi:10.1038/nclimate1628.  17 

Beach, M. J., S. Roy, J. Brunkard, J. Yoder, and M. C. Hlavsa, 2009: Vulnerable Infrastructure 18 
and Waterborne Disease Risk. Global Issues in Water, Sanitation, and Health: Workshop 19 
Summary, National Research Council, Ed., The National Academies Press, 159-169. 20 
[Available online at http://www.nap.edu/catalog/12658/global-issues-in-water-sanitation-and-21 
health-workshop-summary] 22 

Belgrano, A., O. Lindahl, and B. Henroth, 1999: North Atlantic Oscillation, primary productivity 23 
and toxic phytoplankton in the Gullmar Fjord, Sweden (1985-1996). Proceedings of the Royal 24 
Society of London B Biological Sciences, 266, 425-430, doi:10.1098/rspb.1999.0655.  25 

Bellou, M., P. Kokkinos, and A. Vantarakis, 2013: Shellfish-borne viral outbreaks: A systematic 26 
review. Food and Environmental Virology, 5, 13-23, doi:10.1007/s12560-012-9097-6. 27 
[Available online at http://dx.doi.org/10.1007/s12560-012-9097-6] 28 

Berdalet, E., F. Peters, V. L. Koumandou, C. Roldán, Ó. Guadayol, and M. Estrada, 2007: 29 
Species-specific physiological response of dinoflagellates to quantified small-scale 30 
turbulence. Journal of Phycology, 43, 965-977, doi:10.1111/j.1529-8817.2007.00392.x.  31 

Bernstein, A. S., and S. S. Myers, 2011: Climate change and childrenʼs health. Current Opinion 32 
in Pediatrics, 23, 221-226, doi:10.1097/MOP.0b013e3283444c89.  33 

Bharti, A. R., J. E. Nally, J. N. Ricaldi, M. A. Matthias, M. M. Diaz, M. A. Lovett, P. N. Levett, 34 
R. H. Gilman, M. R. Willig, E. Gotuzzo, and J. M. Vinetz, 2003: Leptospirosis: a zoonotic 35 
disease of global importance. The Lancet Infectious Diseases, 3, 757-771, doi:10.1016/S1473-36 
3099(03)00830-2. [Available online at http://dx.doi.org/10.1016/S1473-3099(03)00830-2] 37 

Biyela, P. T., H. Ryu, A. Brown, A. Alum, M. Abbaszadegan, and B. E. Rittmann, 2012: 38 
Distribution systems as reservoirs of Naegleria fowleri and other amoebae. Journal - 39 
American Water Works Association, 104, E66-E72, doi:10.5942/jawwa.2012.104.0007.  40 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  186 

 

Bradbury, K. R., M. A. Borchardt, M. Gotkowitz, S. K. Spencer, J. Zhu, and R. J. Hunt, 2013: 1 
Source and Transport of Human Enteric Viruses in Deep Municipal Water Supply Wells. 2 
Environmental Science & Technology, 47, 4096-4103, doi:10.1021/es400509b.  3 

Campbell, L., R. J. Olson, H. M. Sosik, A. Abraham, D. W. Henrichs, C. J. Hyatt, and E. J. 4 
Buskey, 2010: First harmful Dinophysis (Dinophyceae, Dinophysiales) bloom in the U.S. is 5 
revealed by automated imaging flow cytometry. Journal of Phycology, 46, 66-75, doi: 6 
10.1111/j.1529-8817.2009.00791.x.  7 

Cann, K. F., D. R. Thomas, R. L. Salmon, A. P. Wyn-Jones, and D. Kay, 2013: Extreme water-8 
related weather events and waterborne disease. Epidemiology and Infection, 141, 671-86, 9 
doi:10.1017/s0950268812001653.  10 

Carey, C. C., B. W. Ibelings, E. P. Hoffmann, D. P. Hamilton, and J. D. Brookes, 2012: Eco-11 
physiological adaptations that favour freshwater cyanobacteria in a changing climate. Water 12 
Research, 46, 1394-1407, doi:10.1016/j.watres.2011.12.016.  13 

Carrie, J., F. Wang, H. Sanei, R. W. Macdonald, P. M. Outridge, and G. A. Stern, 2010: 14 
Increasing contaminant burdens in an arctic fish, Burbot (Lota lota), in a warming climate. 15 
Environ Sci Technol, 44, 316-22, doi:10.1021/es902582y.  16 

Casman, E., B. Fischhoff, M. Small, H. Dowlatabadi, J. Rose, and M. G. Morgan, 2001: Climate 17 
change and cryptosporidiosis: a qualitative analysis. Climatic Change, 50, 219-249, 18 
doi:10.1023/a:1010623831501.  19 

CDC, 2008: Surveillance for waterborne disease and outbreaks associated with recreational 20 
water use and other aquatic facility-associated health events--United States, 2005-2006. 21 
MMWR. Morbidity and Mortality Weekly Report, 57, 1-29. [Available online at 22 
http://www.cdc.gov/mmwr/preview/mmwrhtml/ss5709a4.htm] 23 

CDC, 2011: Surveillance for Waterborne Disease Outbreaks Associated with Drinking Water --- 24 
United States, 2007—2008. MMWR. Morbidity and Mortality Weekly Report, 60, 38-68. 25 
[Available online at http://www.cdc.gov/mmwr/preview/mmwrhtml/ss6012a4.htm] 26 

CDC, 2012: Cryptosporidiosis Surveillance —United States, 2009–2010 and Giardiasis 27 
Surveillance —United States, 2009–2010. MMWR. Morbidity and Mortality Weekly Report, 28 
61. [Available online at http://www.cdc.gov/mmwr/pdf/ss/ss6105.pdf ] 29 

CDC, 2013: Surveillance for waterborne disease outbreaks associated with drinking water and 30 
other nonrecreational water — United States, 2009–2010. MMWR. Morbidity and Mortality 31 
Weekly Report, 62, 714-720. [Available online at 32 
http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6235a3.htm] 33 

CDC, 2014a: 2014 Algal Bloom–Associated Disease Outbreaks Among Users of Freshwater 34 
Lakes — United States, 2009–2010. MMWR. Morbidity and Mortality Weekly Report, 63, 11-35 
15.  36 

CDC, 2014b: Incidence and trends of infections with pathogens transmitted commonly through 37 
food. MMWR. Morbidity and Mortality Weekly Report, 63, 328-332.  38 

CDC, 2014c: Recreational water–associated disease outbreaks — United States, 2009–2010. 39 
MMWR. Morbidity and Mortality Weekly Report, 63, 6-10.  40 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  187 

 

CDC, 2014d: Notes from the field: Increase in Vibrio parahaemolyticus infections associated 1 
with consumption of Atlantic Coast shellfish — 2013. MMWR. Morbidity and Mortality 2 
Weekly Report, 63, 335-336. [Available online at 3 
http://origin.glb.cdc.gov/MMWR/preview/mmwrhtml/mm6315a6.htm?s_cid=mm6315a6_w] 4 

Chateau-Degat, M.-L., M. Chinain, N. Cerf, S. Gingras, B. Hubert, and É. Dewailly, 2005: 5 
Seawater temperature, Gambierdiscus spp. variability and incidence of ciguatera poisoning in 6 
French Polynesia. Harmful Algae, 4, 1053-1062, doi:10.1016/j.hal.2005.03.003.  7 

City of Toledo, 2014: Microcystin Event Preliminary Summary, 73 pp. [Available online at 8 
http://toledo.oh.gov/media/132055/Microcystin-Test-Results.pdf] 9 

Clark, C. G., L. Price, R. Ahmed, D. L. Woodward, P. L. Melito, F. G. Rodgers, F. Jamieson, B. 10 
Ciebin, A. Li, and A. Ellis, 2003: Characterization of Waterborne Outbreak–associated 11 
Campylobacter jejuni, Walkerton, Ontario. Emerging Infectious Disease journal, 9, 1232, 12 
doi:10.3201/eid0910.020584. [Available online at http://wwwnc.cdc.gov/eid/article/9/10/02-13 
0584] 14 

Colford, J. M., Jr., S. Roy, M. J. Beach, A. Hightower, S. E. Shaw, and T. J. Wade, 2006: A 15 
review of household drinking water intervention trials and an approach to the estimation of 16 
endemic waterborne gastroenteritis in the United States. J Water Health, 4 Suppl 2, 71-88.  17 

Constantin de Magny, G., W. Long, C. W. Brown, R. R. Hood, A. Huq, R. Murtugudde, and R. 18 
R. Colwell, 2009: Predicting the distribution of Vibrio spp. in the Chesapeake Bay: a Vibrio 19 
cholerae case study. Ecohealth, 6, 378-89, doi:10.1007/s10393-009-0273-6.  20 

Converse, R. R., M. F. Piehler, and R. T. Noble, 2011: Contrasts in concentrations and loads of 21 
conventional and alternative indicators of fecal contamination in coastal stormwater. Water 22 
Research, 45, 5229-5240, doi:10.1016/j.watres.2011.07.029.  23 

Copat, C., G. Arena, M. Fiore, C. Ledda, R. Fallico, S. Sciacca, and M. Ferrante, 2013: Heavy 24 
metals concentrations in fish and shellfish from eastern Mediterranean Sea: Consumption 25 
advisories. Food and Chemical Toxicology, 53, 33-37, doi:10.1016/j.fct.2012.11.038. 26 
[Available online at http://dx.doi.org/10.1016/j.fct.2012.11.038] 27 

Corsi, S. R., M. A. Borchardt, S. K. Spencer, P. E. Hughes, and A. K. Baldwin, 2014: Human 28 
and bovine viruses in the Milwaukee River watershed: Hydrologically relevant representation 29 
and relations with environmental variables. Science of The Total Environment, 490, 849-860, 30 
doi:10.1016/j.scitotenv.2014.05.072.  31 

Coulliette, A. D., E. S. Money, M. L. Serre, and R. T. Noble, 2009: Space/time analysis of fecal 32 
pollution and rainfall in an eastern North Carolina estuary. Environmental Science & 33 
Technology, 43, 3728-3735, doi:10.1021/es803183f. [Available online at 34 
http://dx.doi.org/10.1021/es803183f] 35 

Craun, G. F., J. M. Brunkard, J. S. Yoder, V. A. Roberts, J. Carpenter, T. Wade, R. L. Calderon, 36 
J. M. Roberts, M. J. Beach, and S. L. Roy, 2010: Causes of Outbreaks Associated with 37 
Drinking Water in the United States from 1971 to 2006. Clinical Microbiology Reviews, 23, 38 
507-528, doi:10.1128/cmr.00077-09.  39 

Crim, S., M. Iwamoto, M. Cartter, M. Tobin-D'Angelo, D. Blythe, K. Smith, S. Lathrop, S. 40 
Zansky, P. R. Cieslak, J. Dunn, K. G. Holt, S. Lance, R. Tauxe, and O. L. Henao, 2014: 41 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  188 

 

Incidence and trends of infections with pathogens transmitted commonly through food. 1 
MMWR, 63, 328-332.  2 

Curriero, F. C., J. A. Patz, J. B. Rose, and S. Lele, 2001: The association between extreme 3 
precipitation and waterborne disease outbreaks in the United States, 1948–1994. American 4 
Journal of Public Health, 91, 1194-1199, doi:10.2105/AJPH.91.8.1194.  5 

Dechet, A. M., P. A. Yu, N. Koram, and J. Painter, 2008: Nonfoodborne Vibrio infections: An 6 
important cause of morbidity and mortality in the United States, 1997–2006. Clinical 7 
Infections Diseases, 46, 970-976, doi:10.1086/529148.  8 

Delpla, I., A. V. Jung, E. Baures, M. Clement, and O. Thomas, 2009: Impacts of climate change 9 
on surface water quality in relation to drinking water production. Environment International, 10 
35, 1225-1233, doi:10.1016/j.envint.2009.07.001.  11 

Desvars, A., S. Jégo, F. Chiroleu, P. Bourhy, E. Cardinale, and A. Michault, 2011: Seasonality of 12 
Human Leptospirosis in Reunion Island (Indian Ocean) and Its Association with 13 
Meteorological Data. PLoS ONE, 6, e20377, doi:10.1371/journal.pone.0020377.  14 

Donatuto, J. L., T. A. Satterfield, and R. Gregory, 2011: Poisoning the body to nourish the soul: 15 
Prioritising health risks and impacts in a Native American community. Health, Risk & 16 
Society, 13, 103-127, doi:10.1080/13698575.2011.556186.  17 

Drayna, P., S. L. McLellan, P. Simpson, S.-H. Li, and M. H. Gorelick, 2010: Association 18 
between Rainfall and Pediatric Emergency Department Visits  for Acute Gastrointestinal 19 
Illness. Environmental Health Perspectives, 118, 1439-1443, doi:10.1289/ehp.0901671.  20 

Duris, J. W., A. G. Reif, D. A. Krouse, and N. M. Isaacs, 2013: Factors related to occurrence and 21 
distribution of selected bacterial and protozoan pathogens in Pennsylvania streams. Water 22 
Research, 47, 300-314, doi:10.1016/j.watres.2012.10.006.  23 

Elliott, J. A., 2010: The seasonal sensitivity of Cyanobacteria and other phytoplankton to 24 
changes in flushing rate and water temperature. Global Change Biology, 16, 864-876, 25 
doi:10.1111/j.1365-2486.2009.01998.x.  26 

Elliott, J. A., 2012: Is the future blue-green? A review of the current model predictions of how 27 
climate change could affect pelagic freshwater cyanobacteria. Water Res, 46, 1364-71, 28 
doi:10.1016/j.watres.2011.12.018.  29 

EPA, 2004: Report to Congress: Impacts and Control of CSOs and SSOs. U.S. Environmental 30 
Protection Agency, Office of Water, Washington, DC.  31 

EPA, cited 2015a: Private Drinking Water Wells. U.S. Environmental Protection Agency. 32 
[Available online at http://water.epa.gov/drink/info/well/index.cfm] 33 

EPA, cited 2015b: Public Drinking Water Systems Programs: Overview. U.S. Environmental 34 
Protection Agency. [Available online at 35 
http://water.epa.gov/infrastructure/drinkingwater/pws/index.cfm] 36 

Erdner, D., J. Dyble, M. L. Parsons, R. C. Stevens, K. A. Hubbard, M. L. Wrabel, S. K. Moore, 37 
K. A. Lefebvre, D. M. Anderson, P. Bienfang, R. R. Bidigare, M. S. Parker, P. Moeller, L. E. 38 
Brand, and V. L. Trainer, 2008: Centers for Oceans and Human Health: a unified approach to 39 
the challenge of harmful algal blooms. Environmental Health, 7(Suppl 2), 40 
S2doi:10.1186/1476-069X-7-S2-S2.  41 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  189 

 

Evengard, B., J. Berner, M. Brubaker, G. Mulvad, and B. Revich, 2011: Climate change and 1 
water security with a focus on the Arctic. Global Health Action, 4, 2 
doi:10.3402/gha.v4i0.8449.  3 

FDA, 2005: Quantitative risk assessment on the public health impact of pathogenic Vibrio 4 
parahaemolyticus in raw oysters. U.S. Food and Drug Administration, Center for Food Safety 5 
and Applied Nutrition. [Available online at 6 
http://www.fda.gov/Food/FoodScienceResearch/RiskSafetyAssessment/ucm050421.htm] 7 

Fleming, L. E., and Coauthors, 2005: Initial Evaluation of the Effects of Aerosolized Florida Red 8 
Tide Toxins (Brevetoxins) in Persons with Asthma. Environmental Health Perspectives, 113, 9 
650–657.  10 

Fleming, L. E., B. Kirkpatrick, L. C. Backer, J. A. Bean, A. Wanner, A. Reich, J. Zaias, Y.-S. 11 
Cheng, R. Pierce, J. Naar, W. M. Abraham, and D. G. Baden, 2006: Aerosolized Red Tide 12 
Toxins (Brevetoxins) and Asthma. Chest, 131, 187-194.  13 

Fleming, L. E., and Coauthors, 2011: Review of Florida red tide and human health effects. 14 
Harmful Algae, 10, 224-233.  15 

Fong, T.-T., L. S. Mansfield, D. L. Wilson, D. J. Schwab, S. L. Molloy, and J. B. Rose, 2007: 16 
Massive microbiological groundwater contamination associated with a waterborne outbreak in 17 
Lake Erie, South Bass Island, Ohio. Environmental Health Perspectives, 115, 856-864, 18 
doi:10.1289/ehp.9430. [Available online at 19 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1892145/] 20 

Fremaux, B., T. Boa, and C. K. Yost, 2010: Quantitative Real-Time PCR Assays for Sensitive 21 
Detection of Canada Goose-Specific Fecal Pollution in Water Sources. Applied and 22 
Environmental Microbiology, 76, 4886-4889, doi:10.1128/aem.00110-10.  23 

Froelich, B., J. Bowen, R. Gonzalez, A. Snedeker, and R. Noble, 2013: Mechanistic and 24 
statistical models of total Vibrio abundance in the Neuse River Estuary. Water Res, 47, 5783-25 
93, doi:10.1016/j.watres.2013.06.050. [Available online at 26 
http://www.sciencedirect.com/science/article/pii/S0043135413005411] 27 

Froelich, B. A., T. C. Williams, R. T. Noble, and J. D. Oliver, 2012: Apparent loss of Vibrio 28 
vulnificus from North Carolina oysters coincides with a drought-induced increase in salinity. 29 
Appl Environ Microbiol, 78, 3885-9, doi:10.1128/aem.07855-11. [Available online at 30 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3346395/pdf/zam3885.pdf] 31 

Fryxell, G. A., M. C. Villac, and L. P. Shapiro, 1997: The occurrence of the toxic diatom genus 32 
Pseudo-nitzschia (Bacillariophyceae) on the West Coast of the USA, 1920-1996: A review. 33 
Phycologia, 36, 419-437, doi:10.1186/1476-1069X-1187-S1182-S1182.  34 

Fu, F.-X., A. O. Tatters, and D. A. Hutchins, 2012: Global change and the future of algal blooms 35 
in the ocean. Marine Ecology Progress Series, 470, 207-233, doi:10.3354/meps10047.  36 

Furth, D. P., 2010: What's In the Water? Climate Change, Waterborne Pathogens, and the Safety 37 
of the Rural Alaskan Water Supply. Hastings West-Northwest Journal of Environmental Law 38 
and Policy, 16, 251-276. [Available online at 39 
http://heinonline.org/HOL/Page?handle=hein.journals/haswnw16&div=12&g_sent=1&collect40 
ion=journals] 41 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  190 

 

Futch, C. J., D. W. Griffin, K. Banks, and E. K. Lipp, 2011: Evaluation of sewage source and 1 
fate on southeast Florida coastal reefs. Marine Pollution Bulletin, 62, 2308-2316, 2 
doi:10.1016/j.marpolbul.2011.08.046. [Available online at 3 
http://dx.doi.org/10.1016/j.marpolbul.2011.08.046] 4 

Futch, J. C., D. W. Griffin, and E. K. Lipp, 2010: Human enteric viruses in groundwater indicate 5 
offshore transport of human sewage to coral reefs of the Upper Florida Keys. Environ 6 
Microbiol, 12, 964-74, doi:10.1111/j.1462-2920.2010.02141.x. [Available online at 7 
http://onlinelibrary.wiley.com/doi/10.1111/j.1462-2920.2010.02141.x/abstract] 8 

GAO, 2008: Concentrated Animal Feeding Operatioins: EPA Needs More Information and A 9 
Clearly Defined Strategy to Protect Air and Water Quality From Pollutants of Concern. U.S. 10 
Government Accountability Office. [Available online at 11 
http://www.gao.gov/new.items/d08944.pdf] 12 

Gingold, D. B., M. Strickland, and J. J. Hess, 2014: Ciguatera Fish Poisoning and Climate 13 
Change: Analysis of National Poison Center Data in the United States, 2001–2011. 14 
Environmental Health Perspectives, doi:10.1289/ehp.1307196.  15 

Griffitt, K. J., and D. J. Grimes, 2013: Abundance and distribution of Vibrio cholerae, V. 16 
parahaemolyticus, and V. vulnificus following a major freshwater intrusion into the 17 
Mississippi Sound. Microb Ecol, 65, 578-83, doi:10.1007/s00248-013-0203-6.  18 

Hales, S., P. Weinstein, and A. Woodward, 1999: Ciguatera (fish poisoning), El Niño, and 19 
Pacific sea surface temperatures. Ecosystem Health, 5, 20-25, doi:10.1046/j.1526-20 
0992.1999.09903.x.  21 

Haley, B. J., D. J. Cole, and E. K. Lipp, 2009: Distribution, diversity, and seasonality of 22 
waterborne salmonellae in a rural watershed. Applied and Environmental Microbiology, 75, 23 
1248-1255, doi:10.1128/aem.01648-08. [Available online at 24 
http://aem.asm.org/content/75/5/1248.abstract] 25 

Hall, A. J., V. G. Eisenbart, A. L. Etingue, L. H. Gould, B. A. Lopman, and U. D. Parashar, 26 
2012: Epidemiology of foodborne norovirus outbreaks, United States, 2001-2008. Emerg 27 
Infect Dis, 18, 1566-73, doi:10.3201/eid1810.120833. [Available online at 28 
http://www.ncbi.nlm.nih.gov/pubmed/23017158] 29 

Hallegraeff, G. M., 1993: A review of harmful algae blooms and their apparent global increase. 30 
Phycologia, 32, 79-99.  31 

Hallegraeff, G. M., 2010: Ocean climate change, phytoplankton community responses, and 32 
harmful algal blooms: A formidable predictive challenge. Journal of Phycology, 46, 220-235, 33 
doi:10.1111/j.1529-8817.2010.00815.x.  34 

Hartskeerl, R. A., M. Collares-Pereira, and W. A. Ellis, 2011: Emergence, control and re-35 
emerging leptospirosis: dynamics of infection in the changing world. Clinical Microbiology 36 
and Infection, 17, 494-501, doi:10.1111/j.1469-0691.2011.03474.x. [Available online at 37 
http://dx.doi.org/10.1111/j.1469-0691.2011.03474.x] 38 

Hashizume, M., A. S. G. Faruque, T. Terao, M. Yunus, K. Streatfield, T. Yamamoto, and K. 39 
Moji, 2011: The Indian Ocean Dipole and Cholera Incidence in Bangladesh:  A Time-Series 40 
Analysis. Environmental Health Perspectives, 119, 239-244, doi:10.1289/ehp.1002302.  41 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  191 

 

Hattenrath, T. K., D. M. Anderson, and C. J. Gobler, 2010: The influence of anthropogenic 1 
nitrogen loading and meteorological conditions on the dynamics and toxicity of Alexandrium 2 
fundyense blooms in a New York (USA) estuary. Harmful Algae, 9, 402-412.  3 

Hays, G. C., A. J. Richardson, and C. Robinson, 2005: Climate change and marine plankton. 4 
TRENDS in Ecology and Evolution, 20, 337-344.  5 

Hennessy, T. W., T. Ritter, R. C. Holman, D. L. Bruden, K. L. Yorita, L. Bulkow, J. E. Cheek, 6 
R. J. Singleton, and J. Smith, 2008: The Relationship Between In-Home Water Service and 7 
the Risk of Respiratory Tract, Skin, and Gastrointestinal Tract Infections Among Rural 8 
Alaska Natives. American Journal of Public Health, 98, 2072-2078, 9 
doi:10.2105/ajph.2007.115618.  10 

Hinder, S. L., G. C. Hays, M. Edwards, E. C. Roberts, A. W. Walne, and M. B. Gravenor, 2012: 11 
Changes in marine dinoflagellate and diatom abundance under climate change. Nature 12 
Climate Change, 2, 271-275.  13 

Ho, K. K. Y., and K. M. Y. Leung, 2014: Organotin contamination in seafood and its implication 14 
for human health risk in Hong Kong. Marine Pollution Bulletin, 85, 634-640, 15 
doi:10.1016/j.marpolbul.2013.12.039. [Available online at 16 
http://dx.doi.org/10.1016/j.marpolbul.2013.12.039] 17 

Howell, D., and D. Cole, 2006: Leptospirosis: a waterborne zoonotic disease of global 18 
importance. Georgia Epidemiology Report, 22, 1-2.  19 

Hoxie, N. J., J. P. Davis, J. M. Vergeront, R. D. Nashold, and K. A. Blair, 1997: 20 
Cryptosporidiosis-associated mortality following a massive waterborne outbreak in 21 
Milwaukee, Wisconsin. American Journal of Public Health, 87, 2032-2035, 22 
doi:10.2105/ajph.87.12.2032.  23 

Hribar, C., 2010: Understanding Concentrated Animal Feeding Operations and Their Impact on 24 
Communities. M. Schultz, Ed., Bowling Green, Ohio. [Available online at 25 
http://www.cdc.gov/nceh/ehs/docs/understanding_cafos_nalboh.pdf] 26 

Iwamoto, M., T. Ayers, B. E. Mahon, and D. L. Swerdlow, 2010: Epidemiology of seafood-27 
associated infections in the United States. Clinical Microbiology Reviews, 23, 399-411, 28 
doi:10.1128/Cmr.00059-09.  29 

Jacobs, J. M., S. K. Moore, K. E. Kunkel, and L. Sun, 2014: A framework for examining climate 30 
driven changes to the seasonality and geographic range of coastal pathogens. Climate Risk 31 
Management, submitted.  32 

Jofre, J., A. R. Blanch, and F. Lucena, 2010: Water-Borne Infectious Disease Outbreaks 33 
Associated with Water Scarcity and Rainfall Events, 8, 147-159, doi:10.1007/698_2009_22.  34 

Judd, N. L., C. H. Drew, C. Acharya, M. R. f. F. Generations, T. A. Mitchell, J. L. Donatuto, G. 35 
W. Burns, T. M. Burbacher, and E. M. Faustman, 2005: Framing scientific analyses for risk 36 
management of environmental hazards by communities: Case studies with seafood safety 37 
issues. Environmental Health Perspectives, 113, 1502-1508, doi:10.1289/ehp.7655.  38 

Katz, A. R., A. E. Buchholz, K. Hinson, S. Y. Park, and P. V. Effler, 2011: Leptospirosis in 39 
Hawaii, USA, 1999–2008. Emerging Infectious Diseases, 17, 221-226, 40 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  192 

 

doi:10.3201/eid1702.101109. [Available online at 1 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204774/] 2 

Kemble, S. K., R. Lynfield, A. S. DeVries, D. M. Drehner, W. F. Pomputius, M. J. Beach, G. S. 3 
Visvesvara, A. J. da Silva, V. R. Hill, J. S. Yoder, L. Xiao, K. E. Smith, and R. Danila, 2012: 4 
Fatal Naegleria fowleri infection acquired in Minnesota: possible expanded range of a deadly 5 
thermophilic organism. Clinical Infectious Diseases, 54, 805-809, doi:10.1093/cid/cir961.  6 

Kibler, S. R., P. A. Tester, K. E. Kunkel, S. K. Moore, and R. W. Litaker, 2014: Potential Effects 7 
of Climate Change on Growth and Distribution of Five Caribbean Gambierdiscus Species and 8 
Implications for Ciguatera Fish Poisoning. Ecological Modelling, submitted.  9 

Kilonzo, C., X. Li, E. J. Vivas, M. T. Jay-Russell, K. L. Fernandez, and E. R. Atwill, 2013: Fecal 10 
Shedding of Zoonotic Food-Borne Pathogens by Wild Rodents in a Major Agricultural 11 
Region of the Central California Coast. Applied and Environmental Microbiology, 79, 6337-12 
6344, doi:10.1128/aem.01503-13.  13 

Kirkpatrick, B., L. E. Fleming, L. C. Backer, J. A. Bean, R. Tamer, G. Kirkpatrick, T. Kane, A. 14 
Wanner, D. Dalpra, A. Reich, and D. Baden, 2006: Environmental exposures to Florida red 15 
tides: effects on emergency room respiratory diagnoses admissions. Harmful Algae, 5, 526-16 
533.  17 

Kistin, E. J., J. Fogarty, R. S. Pokrasso, M. McCally, and P. G. McCornick, 2010: Climate 18 
change, water resources and child health. Archives of Disease in Childhood, 95, 545-549, 19 
doi:10.1136/adc.2009.175307.  20 

Kosten, S., V. L. M. Huszar, E. Bécares, L. S. Costa, E. van Donk, L.-A. Hansson, E. Jeppesen, 21 
C. Kruk, G. Lacerot, N. Mazzeo, L. De Meester, B. Moss, M. Lürling, T. Nõges, S. Romo, 22 
and M. Scheffer, 2012: Warmer climates boost cyanobacterial dominance in shallow lakes. 23 
Global Change Biology, 18, 118-126, doi:10.1111/j.1365-2486.2011.02488.x. [Available 24 
online at http://dx.doi.org/10.1111/j.1365-2486.2011.02488.x 25 

Kozlica, J., A. L. Claudet, D. Solomon, J. R. Dunn, and L. R. Carpenter, 2010: Waterborne 26 
outbreak of Salmonella I 4,[5],12:i. Foodborne Pathog Dis, 7, 1431-3, 27 
doi:10.1089/fpd.2010.0556.  28 

Lane, K., K. Charles-Guzman, K. Wheeler, Z. Abid, N. Graber, and T. Matte, 2013: Health 29 
effects of coastal storms and flooding in urban areas: A review and vulnerability assessment. 30 
Journal of Environmental and Public Health, 2013, doi:10.1155/2013/913064.  31 

Lara, R. J., S. B. Neogi, M. S. Islam, Z. H. Mahmud, S. Yamasaki, and G. B. Nair, 2009: 32 
Influence of catastrophic climatic events and human waste on Vibrio distribution in the 33 
Karnaphuli Estuary, Bangladesh. EcoHealth, 6, 279-286, doi:10.1007/s10393-009-0257-6. 34 
[Available online at http://dx.doi.org/10.1007/s10393-009-0257-6] 35 

Lau, C. L., A. J. Dobson, L. D. Smythe, E. J. Fearnley, C. Skelly, A. C. A. Clements, S. B. Craig, 36 
S. D. Fuimaono, and P. Weinstein, 2012: Leptospirosis in American Samoa 2010: 37 
Epidemiology, environmental drivers, and the management of emergence. The American 38 
Journal of Tropical Medicine and Hygiene, 86, 309-319, doi:10.4269/ajtmh.2012.11-0398. 39 
[Available online at http://www.ajtmh.org/content/86/2/309.abstract] 40 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  193 

 

Lau, C. L., L. D. Smythe, S. B. Craig, and P. Weinstein, 2010: Climate change, flooding, 1 
urbanisation and leptospirosis: fuelling the fire? Trans R Soc Trop Med Hyg, 104, 631-8, 2 
doi:10.1016/j.trstmh.2010.07.002.  3 

Laws, E. A., 2007: Climate Change, Oceans, and Human Health. Ocean Yearbook 21, A. 4 
Chircop, S. Coffen-Smout, and M. McConnell, Eds., Bridge Street Books, 159-175.  5 

Le Saux, J., O. Serais, J. Krol, S. Parnaudeau, P. Salvagnac, G. Delmas, V. Cicchelero, J. 6 
Claudet, P. Pothier, and K. Balay, 2009: Evidence of the presence of viral contamination in 7 
shellfish after short rainfall events. 6th International Conference on Molluscan Shellfish 8 
Safety, Blenheim, New Zealand, 256-252 pp.  9 

Lefebvre, K. A., and A. Robertson, 2010: Domoic acid and human exposure risks: A review. 10 
Toxicon, 56, 218-230, doi:10.1016/j.toxicon.2009.05.034.  11 

Levantesi, C., L. Bonadonna, R. Briancesco, E. Grohmann, S. Toze, and V. Tandoi, 2012: 12 
Salmonella in surface and drinking water: Occurrence and water-mediated transmission. Food 13 
Research International, 45, 587-602, doi:10.1016/j.foodres.2011.06.037. [Available online at 14 
http://dx.doi.org/10.1016/j.foodres.2011.06.037] 15 

Levin, R. B., P. R. Epstein, T. E. Ford, W. Harrington, E. Olson, and E. G. Reichard, 2002: U.S. 16 
drinking water challenges in the twenty-first century. Environ Health Perspect, 110 Suppl 1, 17 
43-52. [Available online at http://www.ncbi.nlm.nih.gov/pubmed/?term=PMC1241146] 18 

Lewitus, A. J., R. A. Horner, D. A. Caron, E. Garcia-Mendoza, B. M. Hickey, M. Hunter, D. D. 19 
Huppert, R. M. Kudela, G. W. Langlois, J. L. Largier, E. J. Lessard, R. RaLonde, J. E. J. 20 
Rensel, P. G. Strutton, V. L. Trainer, and J. F. Tweddle, 2012: Harmful algal blooms along 21 
the North American west coast region: History, trends, causes, and impacts. Harmful Algae, 22 
19, 133-159, doi:10.1016/j.hal.2012.06.009.  23 

Lipp, E. K., C. Rodriguez-Palacios, and J. B. Rose, 2001: Occurrence and distribution of the 24 
human pathogen Vibrio vulnificus in a subtropical Gulf of Mexico estuary, 165-173, 25 
doi:10.1007/978-94-017-3284-0_15.  26 

Litaker, R. W., M. W. Vandersea, M. A. Faust, S. R. Kibler, M. Chinain, M. J. Holmes, W. C. 27 
Holland, and P. A. Tester, 2009: Taxonomy of Gambierdiscus including four new species, 28 
Gambierdiscus caribaeus, Gambierdiscus carolinianus, Gambierdiscus carpenteri and 29 
Gambierdiscus ruetzleri (Gonyaulacales, Dinophyceae). Phycologia, 48, 344-390, 30 
doi:10.2216/07-15.1.  31 

Louis, V. R., E. Russek-Cohen, N. Choopun, I. N. G. Rivera, B. Gangle, S. C. Jiang, A. Rubin, J. 32 
A. Patz, A. Huq, and R. R. Colwell, 2003: Predictability of Vibrio cholerae in Chesapeake 33 
Bay. Applied and Environmental Microbiology, 69, 2773-2785, doi:10.1128/aem.69.5.2773-34 
2785.2003.  35 

Lowther, J. A., K. Henshilwood, and D. N. Lees, 2008: Determination of norovirus 36 
contamination in oysters from two commercial harvesting areas over an extended period, 37 
using semiquantitative real-time reverse transcription PCR. J Food Prot, 71, 1427-33. 38 
[Available online at http://www.ncbi.nlm.nih.gov/pubmed/18680943] 39 

Lynch, M., J. Painter, R. Woodruff, and C. Braden, 2006: Surveillance for foodborne-disease 40 
outbreaks – United States, 1998-2002. MMWR, 55, 1-42.  41 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  194 

 

Maalouf, H., M. Zakhour, J. Le Pendu, J. C. Le Saux, R. L. Atmar, and F. S. Le Guyader, 2010: 1 
Distribution in Tissue and Seasonal Variation of Norovirus Genogroup I and II Ligands in 2 
Oysters. Applied and Environmental Microbiology, 76, 5621-5630, doi:10.1128/aem.00148-3 
10.  4 

Mac Kenzie, W. R., N. J. Hoxie, M. E. Proctor, M. S. Gradus, K. A. Blair, D. E. Peterson, J. J. 5 
Kazmierczak, D. G. Addiss, K. R. Fox, J. B. Rose, and J. P. Davis, 1994: A Massive Outbreak 6 
in Milwaukee of Cryptosporidium Infection Transmitted through the Public Water Supply. 7 
The New England Journal of Medicine, 331, 161-167, doi:10.1056/nejm199407213310304.  8 

Maier Brown, A. F., Q. Dortch, F. M. V. Dolah, T. A. Leighfield, W. Morrison, A. E. Thessen, 9 
K. Steidinger, B. Richardson, C. A. Moncreiff, and J. R. Pennock, 2006: Effect of salinity on 10 
the distribution, growth, and toxicity of Karenia spp. Harmful Algae, 5, 199-212, 11 
doi:10.1016/j.hal.2005.07.004.  12 

Margalef, R., M. Estrada, and D. Blasco, 1979: Functional morphology of organisms involved in 13 
red tides, as adapted to decaying turbulence. Toxic Dinoflagellate Blooms, D. L. Taylor, and 14 
H. H. Seliger, Eds., Elsevier North Holland, 89-94.  15 

Martinez-Urtaza, J., C. Baker-Austin, J. L. Jones, A. E. Newton, G. D. Gonzalez-Aviles, and A. 16 
DePaola, 2013: Spread of Pacific Northwest Vibrio parahaemolyticus Strain. New England 17 
Journal of Medicine, 369, 1573-1574, doi:10.1056/NEJMc1305535. [Available online at 18 
http://www.nejm.org/doi/full/10.1056/NEJMc1305535] 19 

Martinez-Urtaza, J., J. C. Bowers, J. Trinanes, and A. DePaola, 2010: Climate anomalies and the 20 
increasing risk of Vibrio parahaemolyticus and Vibrio vulnificus illnesses. Food Research 21 
International, 43, 1780-1790, doi:10.1016/j.foodres.2010.04.001.  22 

McBride, G. B., R. Stott, W. Miller, D. Bambic, and S. Wuertz, 2013: Discharge-based QMRA 23 
for estimation of public health risks from exposure to stormwater-borne pathogens in 24 
recreational waters in the United States. Water Research, 47, 5282-5297, 25 
doi:10.1016/j.watres.2013.06.001.  26 

McGillicuddy, D. J., Jr., D. W. Townsend, R. He, B. A. Keafer, J. L. Kleindhinst, Y. Li, J. P. 27 
Manning, D. G. Mountain, M. A. Thomas, and D. M. Anderson, 2011: Suppression of the 28 
2010 Alexandrium fundyense bloom by changes in physical, biological, and chemical 29 
properties of the Gulf of Maine. Limnology and Oceanography, 56, 2411-2426, 30 
doi:10.4319/lo.2011.56.6.2411.  31 

McLaughlin, J. A., A. DePaola, C. A. Bopp, K. A. Martinek, N. P. Napolilli, C. G. Allison, S. L. 32 
Murray, E. C. Thompson, M. M. Bird, and J. P. Middaugh, 2005: Outbreak of Vibrio 33 
parahaemolyticus gastroenteritis associated with Alaskan oysters. The New England Journal 34 
of Medicine, 353, 1463-1470, doi:10.1056/NEJMoa051594.  35 

McLellan, S. L., E. J. Hollis, M. M. Depas, M. Van Dyke, J. Harris, and C. O. Scopel, 2007: 36 
Distribution and Fate of Escherichia coli in Lake Michigan Following Contamination with 37 
Urban Stormwater and Combined Sewer Overflows. Journal of Great Lakes Research, 33, 38 
566, doi:10.3394/0380-1330(2007)33[566:dafoec]2.0.co;2.  39 

Melillo, J. M., Terese (T.C.) Richmond, and G. W. Yohe, Eds., 2014: Climate Change Impacts 40 
in the United States: The Third National Climate Assessment. U.S. Global Change Research 41 
Program, 842 pp. [Available online at http://nca2014.globalchange.gov] 42 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  195 

 

Messner, M., S. Shaw, S. Regli, K. Rotert, V. Blank, and J. Soller, 2006: An approach for 1 
developing a national estimate of waterborne disease due to drinking water and a national 2 
estimate model application. J Water Health, 4 Suppl 2, 201-40.  3 

Miller, W. A., D. J. Lewis, M. Lennox, M. G. C. Pereira, K. W. Tate, P. A. Conrad, and E. R. 4 
Atwill, 2007: Climate and On-Farm Risk Factors Associated with Giardia duodenalis Cysts in 5 
Storm Runoff from California Coastal Dairies. Applied and Environmental Microbiology, 73, 6 
6972-6979, doi:10.1128/aem.00100-07.  7 

Molina, M., S. Hunter, M. Cyterski, L. A. Peed, C. A. Kelty, M. Sivaganesan, T. Mooney, L. 8 
Prieto, and O. C. Shanks, 2014: Factors affecting the presence of human-associated and fecal 9 
indicator real-time quantitative PCR genetic markers in urban-impacted recreational beaches. 10 
Water Research, 64, 196-208, doi:10.1016/j.watres.2014.06.036.  11 

Moore, S. K., J. A. Johnstone, N. S. Banas, and E. P. S. Jr., 2014: Present-day and future climate 12 
pathways affecting Alexandrium blooms in Puget Sound. Harmful Algae, submitted.  13 

Moore, S. K., N. J. Mantua, B. M. Hickey, and V. L. Trainer, 2010: The relative influences of El 14 
Niño-Southern Oscillation and Pacific Decadal Oscillation on paralytic shellfish toxin 15 
accumulation in Pacific northwest shellfish. Limnology and Oceanography, 55, 2262-2274, 16 
doi:10.4319/lo.2010.55.6.2262.  17 

Moore, S. K., N. J. Mantua, and E. P. Salathé, Jr., 2011: Past trends and future scenarios for 18 
environmental conditions favoring the accumulation of paralytic shellfish toxins in Puget 19 
Sound shellfish. Harmful Algae, 10, 521-529, doi:10.1016/j.hal.2011.04.004.  20 

Moore, S. K., V. L. Trainer, N. J. Mantua, M. S. Parker, E. A. Laws, L. C. Backer, and L. E. 21 
Fleming, 2008: Impacts of climate variability and future climate change on harmful algal 22 
blooms and human health. Environmental Health, 7, 1-12, doi:10.1186/1476-069X-7-S2-S4.  23 

Mozaffarian, D., and E. B. Rimm, 2006: Fish intake, contaminants, and human health: evaluating 24 
the risks and the benefits. JAMA, 296, 1885-99, doi:10.1001/jama.296.15.1885.  25 

Nair, A., A. C. Thomas, and M. E. Borsuk, 2013: Interannual variability in the timing of New 26 
England shellfish toxicity and relationships to environmental forcing. Science of The Total 27 
Environment, 447, 255-266, doi:10.1016/j.scitotenv.2013.01.023. [Available online at 28 
http://dx.doi.org/10.1016/j.scitotenv.2013.01.023] 29 

Naumova, E. N., J. S. Jagai, B. Matyas, A. DeMaria, I. B. MacNeill, and J. K. Griffiths, 2007: 30 
Seasonality in six enterically transmitted diseases and ambient temperature. Epidemiology and 31 
Infection, 135, 281-292, doi:10.1017/S0950268806006698.  32 

Newton, A., M. Kendall, D. J. Vugia, O. L. Henao, and B. E. Mahon, 2012: Increasing rates of 33 
vibriosis in the United States, 1996–2010: Review of surveillance data from 2 systems. 34 
Clinical Infectious Diseases, 54, S391-S395, doi:10.1093/cid/cis243. [Available online at 35 
http://cid.oxfordjournals.org/content/54/suppl_5/S391.abstract] 36 

Nichols, G., C. Lane, N. Asgari, N. Q. Verlander, and A. Charlett, 2009: Rainfall and outbreaks 37 
of drinking water related disease and in England and Wales. Journal of Water Health, 7, 1-8, 38 
doi:10.2166/wh.2009.143.  39 

Nishimura, T., S. Sato, W. Tawong, H. Sakanari, K. Uehara, M. M. R. Shah, S. Suda, T. 40 
Yasumoto, Y. Taira, H. Yamaguchi, and M. Adachi, 2013: Genetic diversity and distribution 41 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  196 

 

of the ciguatera-causing dinoflagellate Gambierdiscus spp. (Dinophyceae) in coastal areas of 1 
Japan. PLoS ONE, 8, e60882. doi:10.1371/journal.pone.0060882.  2 

NOAA., 2014: Sea Level Rise and Nuisance Flood Frequency Changes around the United States. 3 
NOAA Technical Report NOS CO-OPS 073, 58 pp., National Oceanic and Atmospheric 4 
Administration, Silver Spring, MD. [Available online at 5 
http://tidesandcurrents.noaa.gov/publications/NOAA_Technical_Report_NOS_COOPS_073.6 
pdf] 7 

NRC, 2010: Toward Sustainable Agricultural Systems in the 21st Century. National Research 8 
Council. The National Academies Press, 598 pp. [Available online at 9 
http://www.nap.edu/catalog.php?record_id=12832] 10 

NSSP, 2011: Guide for the Control of Molluscan Shellfish: 2011 Revision, 478 pp., National 11 
Shellfish Sanitation Program, U.S. Food and Drug Administration. [Available online at 12 
http://www.fda.gov/downloads/Food/GuidanceRegulation/FederalStateFoodPrograms/UCM313 
50344.pdf] 14 

O’Neil, J. M., T. W. Davis, M. A. Burford, and C. J. Gobler, 2012: The rise of harmful 15 
cyanobacteria blooms: The potential roles of eutrophication and climate change. Harmful 16 
Algae, 14, 313-334, doi:10.1016/j.hal.2011.10.027. [Available online at 17 
http://dx.doi.org/10.1016/j.hal.2011.10.027] 18 

Padisak, J., 1997: Cylindrospermopsis raciborskii (Woloszynska) Seenayya et Subba Raju, an 19 
expanding, highly adaptive cyanobacterium: worldwide distribution and review of its ecology. 20 
Arch. Hydrobiol., 107, 563-593. [Available online at http://real.mtak.hu/3229/1/1014071.pdf] 21 

Paerl, H. W., N. S. Hall, and E. S. Calandrino, 2011: Controlling harmful cyanobacterial blooms 22 
in a world experiencing anthropogenic and climatic-induced change. Science of The Total 23 
Environment, 409, 1739-1745, doi:10.1016/j.scitotenv.2011.02.001. [Available online at 24 
http://www.sciencedirect.com/science/article/pii/S0048969711001197] 25 

Paerl, H. W., and J. Huisman, 2008: Climate - Blooms like it hot. Science, 320, 57-58, 26 
doi:10.1126/Science.1155398. [Available online at 27 
http://community.gleon.org/sites/default/files/uploaded/Paerl%26Huisman_2008_Science_Bl28 
ooms_0.pdf] 29 

Paerl, H. W., and T. G. Otten, 2013: Blooms Bite the Hand That Feeds Them. Science, 342, 433-30 
434, doi:10.1126/science.1245276.  31 

Paerl, H. W., and V. J. Paul, 2012: Climate change: Links to global expansion of harmful 32 
cyanobacteria. Water Research, 46, 1349-1363, doi:10.1016/j.watres.2011.08.002. [Available 33 
online at http://dx.doi.org/10.1016/j.watres.2011.08.002] 34 

Parmesan, C., and G. Yohe, 2003: A globally coherent fingerprint of climate change impacts 35 
across natural systems. Nature, 421, 37-42, doi:10.1038/nature01286. [Available online at 36 
http://www.discoverlife.org/pa/or/polistes/pr/2010nsf_macro/references/Parmesan_and_Yohe37 
2003.pdf] 38 

Parsons, M. L., and Q. Dortch, 2002: Sedimentological evidence of an increase in Pseudo-39 
nitzschia (Bacillariophyceae) abundance in response to coastal eutrophication. Limnology and 40 
Oceanography, 47, 551-558, doi:10.4319/lo.2002.47.2.0551.  41 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  197 

 

Patz, J. A., S. J. Vavrus, C. K. Uejio, and S. L. McLellan, 2008: Climate change and waterborne 1 
disease risk in the Great Lakes region of the US. American Journal of Preventive Medicine, 2 
35, 451-458, doi:10.1016/j.amepre.2008.08.026.  3 

Peeters, F., D. Straile, A. Lorke, and D. M. Livingstone, 2007: Earlier onset of the spring 4 
phytoplankton bloom in lakes of the temperate zone in a warmer climate. Global Change 5 
Biology, 13, 1898-1909, doi:10.1111/j.1365-2486.2007.01412.x. [Available online at 6 
http://dx.doi.org/10.1111/j.1365-2486.2007.01412.x 7 

Perry, D., D. Bennett, U. Boudjou, M. Hahn, S. McLellan, and S. Elizabeth, 2012: Effect of 8 
Climate Change on Sewer Overflows in Milwaukee. Proceedings of the Water Environment 9 
Federation, WEFTEC 2012: Session 21 through Session 30, 1857-1866 pp.  10 

Ralston, E. P., H. Kite-Powell, and A. Beet, 2011: An estimate of the cost of acute health effects 11 
from food- and water-borne pathogens and toxins in the USA. Journal of Water and Health, 12 
9, 680-694.  13 

Reynolds, K. A., K. D. Mena, and C. P. Gerba, 2008: Risk of waterborne illness via drinking 14 
water in the United States. Rev Environ Contam Toxicol, 192, 117-58.  15 

Riou, P., J. C. Le Saux, F. Dumas, M. P. Caprais, S. F. Le Guyader, and M. Pommepuy, 2007: 16 
Microbial impact of small tributaries on water and shellfish quality in shallow coastal areas. 17 
Water Research, 41, 2774-2786, doi:10.1016/j.watres.2007.03.003.  18 

Rippey, S. R., 1994: Infectious diseases associated with molluscan shellfish consumption. 19 
Clinical Microbiology Reviews, 7, 419-425, doi:10.1128/cmr.7.4.419. [Available online at 20 
http://cmr.asm.org/content/7/4/419.abstract] 21 

Rose, J. B., P. R. Epstein, E. K. Lipp, B. H. Sherman, S. M. Bernard, and J. A. Patz, 2001: 22 
Climate Variability and Change in the United States: Potential Impacts on Water- and 23 
Foodborne Diseases Caused by Microbiologic Agents. Environmental Health Perspectives, 24 
109, 211, doi:10.2307/3435011.  25 

Rylander, C., J. O. Odland, and T. M. Sandanger, 2013: Climate change and the potential effects 26 
on maternal and pregnancy outcomes: an assessment of the most vulnerable--the mother, 27 
fetus, and newborn child. Global Health Action, 6, 19538, doi:10.3402/gha.v6i0.19538.  28 

Salvadori, M. I., J. M. Sontrop, A. X. Garg, L. M. Moist, R. S. Suri, and W. F. Clark, 2009: 29 
Factors that led to the Walkerton tragedy. Kidney International, 75, S33-S34, 30 
doi:10.1038/ki.2008.616.  31 

Sauer, E. P., J. L. VandeWalle, M. J. Bootsma, and S. L. McLellan, 2011: Detection of the 32 
human specific Bacteroides genetic marker provides evidence of widespread sewage 33 
contamination of stormwater in the urban environment. Water Research, 45, 4081-4091, 34 
doi:10.1016/j.watres.2011.04.049.  35 

Scallan, E., R. M. Hoekstra, F. J. Angulo, R. V. Tauxe, M. A. Widdowson, S. L. Roy, J. L. 36 
Jones, and P. M. Griffin, 2011: Foodborne illness acquired in the United States—major 37 
pathogens. Emerging Infectious Diseases, 17, 7-17, doi:10.3201/eid1701.P11101.  38 

Schijven, J., M. Bouwknegt, A. M. de Roda Husman, S. Rutjes, B. Sudre, J. E. Suk, and J. C. 39 
Semenza, 2013: A decision support tool to compare waterborne and foodborne infection 40 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  198 

 

and/or illness risks associated with climate change. Risk Analysis, 33, 2154-2167, 1 
doi:10.1111/risa.12077.  2 

Sellner, K. G., G. J. Doucette, and G. J. Kirkpatrick, 2003: Harmful algal blooms: causes, 3 
impacts and detection. Journal of Industrial Microbiology and Biotechnology, 30, 383-406, 4 
doi:10.1007/s10295-003-0074-9.  5 

Sercu, B., L. C. Van De Werfhorst, J. L. S. Murray, and P. A. Holden, 2011: Sewage Exfiltration 6 
As a Source of Storm Drain Contamination during Dry Weather in Urban Watersheds. 7 
Environmental Science & Technology, 45, 7151-7157, doi:10.1021/es200981k.  8 

Shapiro, K., M. Silver, J. Largier, J. Mazet, W. Miller, M. Odagiri, and A. Schriewer, 2012: 9 
Pathogen aggregation: Understanding when, where, and why seafood contamination occurs. 10 
104th Annual Meeting, National Shellfisheries Association, Seattle, Washington, 231-264 pp.  11 

Smith, B. A., T. Ruthman, E. Sparling, H. Auld, N. Comer, I. Young, A. M. Lammerding, and A. 12 
Fazil, 2015: A risk modeling framework to evaluate the impacts of climate change and 13 
adaptation on food and water safety. Food Research International, 68, 78-85, 14 
doi:10.1016/j.foodres.2014.07.006.  15 

Soller, J. A., T. Bartrand, N. J. Ashbolt, J. Ravenscroft, and T. J. Wade, 2010: Estimating the 16 
primary etiologic agents in recreational freshwaters impacted by human sources of faecal 17 
contamination. Water Research, 44, 4736-4747, doi:10.1016/j.watres.2010.07.064. [Available 18 
online at http://www.scopus.com/inward/record.url?eid=2-s2.0-19 
77957019029&partnerID=40&md5=8e048903a213c194c0a4a1a3e9afac06] 20 

Staley, C., K. H. Reckhow, J. Lukasik, and V. J. Harwood, 2012: Assessment of sources of 21 
human pathogens and fecal contamination in a Florida freshwater lake. Water Research, 46, 22 
5799-5812, doi:10.1016/j.watres.2012.08.012.  23 

Sterk, A., J. Schijven, T. de Nijs, and A. M. de Roda Husman, 2013: Direct and indirect effects 24 
of climate change on the risk of infection by water-transmitted pathogens. Environmental 25 
Science & Technology, 47, 12648-12660, doi:10.1021/es403549s.  26 

Stüken, A., J. Rücker, T. Endrulat, K. Preussel, M. Hemm, B. Nixdorf, U. Karsten, and C. 27 
Wiedner, 2006: Distribution of three alien cyanobacterial species (Nostocales) in northeast 28 
Germany: Cylindrospermopsis raciborskii, Anabaena bergii and Aphanizomenon 29 
aphanizomenoides. Phycologia, 45, 696-703, doi:doi:10.2216/05-58.1. [Available online at 30 
http://www.phycologia.org/doi/abs/10.2216/05-58.1] 31 

Stumpf, R. P., V. Fleming-Lehtinen, and E. Granéli, 2010: Integration of Data for Nowcasting of 32 
Harmful Algal Blooms. OceanObs’09: Sustained Ocean Observations and Information for 33 
Society, Venice, Italy, 21-25 September 2009, ESA Publication WPP-306, 234-244 pp.  34 

Suikkanen, S., M. Laamanen, and M. Huttunen, 2007: Long-term changes in summer 35 
phytoplankton communities of the open northern Baltic Sea. Estuarine, Coastal and Shelf 36 
Science, 71, 580-592, doi:http://dx.doi.org/10.1016/j.ecss.2006.09.004. [Available online at 37 
http://www.sciencedirect.com/science/article/pii/S027277140600401X] 38 

Tester, P. A., R. L. Feldman, A. W. Nau, S. R. Kibler, and R. Wayne Litaker, 2010: Ciguatera 39 
fish poisoning and sea surface temperatures in the Caribbean Sea and the West Indies. 40 
Toxicon, 56, 698-710, doi:10.1016/j.toxicon.2010.02.026.  41 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  199 

 

Tester, P. A., R. P. Stumpf, F. M. Vukovich, P. K. Fowler, and J. T. Turner, 1991: An expatriate 1 
red tide bloom: transport, distribution, and persistence. Limnology and Oceanography, 36, 2 
1053-1061.  3 

Thomas, A. C., R. Weatherbee, H. Xue, and G. Liu, 2010: Interannual variability of shellfish 4 
toxicity in the Gulf of Maine: Time and space patterns and links to environmental variability. 5 
Harmful Algae, 9, 458-480.  6 

Thyng, K. M., R. D. Hetland, M. T. Ogle, X. Zhang, F. Chen, and L. Campbell, 2013: Origins of 7 
Karenia brevis harmful algal blooms along the Texas coast. Limnology and Oceanography: 8 
Fluids and Environments, 3, 269-278, doi:10.1215/21573689-2417719. [Available online at 9 
http://dx.doi.org/10.1215/21573689-2417719 10 

http://onlinelibrary.wiley.com/store/10.1215/21573689-11 
2417719/asset/lof32417719.pdf?v=1&t=i7gmlbsk&s=8b8bd2dbff19a5cb0a8da71cbfd782a9f212 
1ed66c] 13 

Trainer, V. L., B.-T. L. Eberhart, J. C. Wekell, N. G. Adams, L. Hanson, F. Cox, and J. Dowell, 14 
2003: Paralytic shellfish toxins in Puget Sound, Washington State. Journal of Shellfish 15 
Research, 22, 213-223.  16 

Trainer, V. L., L. Moore, B. D. Bill, N. G. Adams, N. Harrington, J. Borchert, D. A. da Silva, 17 
and B. T. Eberhart, 2013: Diarrhetic shellfish toxins and other lipophilic toxins of human 18 
health concern in Washington State. Mar Drugs, 11, 1815-35, doi:10.3390/md11061815.  19 

Turner, J. W., B. Good, D. Cole, and E. K. Lipp, 2009: Plankton composition and environmental 20 
factors contribute to Vibrio seasonality. The ISME Journal, 3, 1082-1092.  21 

Turner, J. W., L. Malayil, D. Guadagnoli, D. Cole, and E. K. Lipp, 2014: Detection of Vibrio 22 
parahaemolyticus, Vibrio vulnificus and Vibrio cholerae with respect to seasonal fluctuations 23 
in temperature and plankton abundance. Environmental Microbiology, 16, 1019-1028, 24 
doi:10.1111/1462-2920.12246. [Available online at http://dx.doi.org/10.1111/1462-25 
2920.12246] 26 

Uejio, C. K., S. H. Yale, K. Malecki, M. A. Borchardt, H. A. Anderson, and J. A. Patz, 2014: 27 
Drinking Water Systems, Hydrology, and Childhood Gastrointestinal Illness in Central and 28 
Northern Wisconsin. American Journal of Public Health, 104, 639-646, 29 
doi:10.2105/ajph.2013.301659.  30 

Van Dolah, F. M., 2000: Marine Algal Toxins: Origins, Health Effects, and Their Increased 31 
Occurrence. Environmental Health Perspectives, 108, 133-141.  32 

Vereen, E., Jr., R. R. Lowrance, D. J. Cole, and E. K. Lipp, 2007: Distribution and ecology of 33 
campylobacters in coastal plain streams (Georgia, United States of America). Appl Environ 34 
Microbiol, 73, 1395-403, doi:10.1128/aem.01621-06. [Available online at 35 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1828763/pdf/1621-06.pdf] 36 

Vereen, E., R. R. Lowrance, M. B. Jenkins, P. Adams, S. Rajeev, and E. K. Lipp, 2013: 37 
Landscape and seasonal factors influence Salmonella and Campylobacter prevalence in a rural 38 
mixed use watershed. Water Research, 47, 6075-6085, doi:10.1016/j.watres.2013.07.028.  39 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  200 

 

Vezzulli, L., I. Brettar, E. Pezzati, P. C. Reid, R. R. Colwell, M. G. Höfle, and C. Pruzzo, 2012: 1 
Long-term effects of ocean warming on the prokaryotic community: evidence from the 2 
vibrios. The ISME Journal, 6, 21-30, doi:10.1038/ismej.2011.89.  3 

Vincent, W. F., and A. Quesada, 2012: Cyanobacteria in high latitude lakes, rivers and seas. 4 
Ecology of Cyanobacteria II: Their Diversity in Space and Time, B. A. Whitton, Ed., 5 
Springer, 371-385.  6 

Vugia, D., A. Cronquist, J. Hadler, and e. al., 2006: Preliminary FoodNet data on the incidence 7 
of infection with pathogens transmitted commonly through food – 10 states, United States, 8 
2005. MMWR, 55, 392-395.  9 

Wagner, C., and R. Adrian, 2009: Cyanobacteria dominance: Quantifying the effects of climate 10 
change. Limnology and Oceanography, 54, 2460-2468, 11 
doi:10.4319/lo.2009.54.6_part_2.2460.  12 

Walkerton Commission of Inquiry, 2002: Part One Report of the Walkerton Commission of 13 
Inquiry: The Events of May 2000 and Related Issues, 504 pp., Ontario Ministry of the 14 
Attorney General. [Available online at 15 
http://www.attorneygeneral.jus.gov.on.ca/english/about/pubs/walkerton/part1/] 16 

Walthall, C., and Coauthors, 2012: Climate Change and Agriculture in the United States: Effects 17 
and Adaptation. USDA Technical Bulletin 1935, 186 pp., U.S. Department of Agriculture and 18 
the U.S. Global Change Research Program, Unpublished. [Available online at 19 
http://www.usda.gov/oce/climate_change/effects_2012/CC%20and%20Agriculture%20Repor20 
t%20(02-04-2013)b.pdf] 21 

Wang, J., and Z. Deng, 2012: Detection and forecasting of oyster norovirus outbreaks: Recent 22 
advances and future perspectives. Marine Environmental Research, 80, 62-69, 23 
doi:10.1016/j.marenvres.2012.06.011.  24 

Whitehead, P. G., R. L. Wilby, R. W. Battarbee, M. Kernan, and A. J. Wade, 2009: A review of 25 
the potential impacts of climate change on surface water quality. Hydrological Sciences 26 
Journal-Journal Des Sciences Hydrologiques, 54, 101-123, doi:10.1623/hysj.54.1.101.  27 

Wiedner, C., J. Rücker, R. Brüggemann, and B. Nixdorf, 2007: Climate change affects timing 28 
and size of populations of an invasive cyanobacterium in temperate regions. Oecologia, 152, 29 
473-484, doi:10.1007/s00442-007-0683-5.  30 

Wilkes, G., J. Brassard, T. A. Edge, V. Gannon, C. C. Jokinen, T. H. Jones, R. Marti, N. F. 31 
Neumann, N. J. Ruecker, M. Sunohara, E. Topp, and D. R. Lapen, 2013: Coherence among 32 
Different Microbial Source Tracking Markers in a Small Agricultural Stream with or without 33 
Livestock Exclusion Practices. Applied and Environmental Microbiology, 79, 6207-6219, 34 
doi:10.1128/aem.01626-13.  35 

Woods, J. W., and W. Burkhardt, 2010: Occurrence of Norovirus and Hepatitis A Virus in U.S. 36 
Oysters. Food and Environmental Virology, 2, 176-182, doi:10.1007/s12560-010-9040-7.  37 

Xu, Z., P. E. Sheffield, W. Hu, H. Su, W. Yu, X. Qi, and S. Tong, 2012: Climate change and 38 
children's health--a call for research on what works to protect children. International Journal 39 
of Environmental Research and Pulic Health, 9, 3298-316, doi:10.3390/ijerph9093298.  40 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  201 

 

Yoder, J. S., and Coauthors, 2012: Primary amebic meningoencephalitis deaths associated with 1 
sinus irrigation using contaminated tap water. Clin Infect Dis, 55, e79-85, 2 
doi:10.1093/cid/cis626. [Available online at http://www.ncbi.nlm.nih.gov/pubmed/22919000] 3 

Zamyadi, A., S. L. MacLeod, Y. Fan, N. McQuaid, S. Dorner, S. Sauvé, and M. Prévost, 2012: 4 
Toxic cyanobacterial breakthrough and accumulation in a drinking water plant: A monitoring 5 
and treatment challenge. Water Research, 46, 1511-1523, 6 
doi:http://dx.doi.org/10.1016/j.watres.2011.11.012. [Available online at 7 
http://www.sciencedirect.com/science/article/pii/S0043135411006841] 8 

 9 

  10 



USGCRP Climate and Health Assessment  Chapter 5: Water‐Related Illness 

Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  202 

 

5.10 Figures 1 

Figure 1. Climate Change and Health—Vibrio. 2 

  3 

Caption: Conceptual diagram illustrating the exposure pathways by which climate change 4 
influences Vibrio growth, occurrence, transmission, and infection in humans. The central blue 5 
pathway includes selected examples of climate drivers, the pathways by which humans are 6 
exposed to health threats from those drivers, and the resulting health outcomes. The orange path 7 
to the left indicates selected examples of non-climate factors that are not aspects of climate 8 
change but that can affect human vulnerability to health impacts of climate change. The green 9 
path to the right indicates additional risk factors that may increase human vulnerability to health 10 
impacts of climate change. 11 
 12 
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Figure 2. Links between Climate Change, Water Quantity and Quality, and Human 1 
Exposure to Water-related Illness.  2 

 3 

Caption: Precipitation and temperature changes affect fresh and marine water quantity 4 
and quality through urban, rural, agriculture and wildlife runoff. This runoff in turn 5 
affects human exposure to water-related illnesses primarily through drinking water, 6 
recreational water, and contaminated seafood. 7 

 8 
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Figure 3. Locations of Livestock and Projections of Heavy Precipitation 1 

 2 

Caption: Runoff from agricultural lands, livestock and wildlife are sources of agents of 3 
water-related illness. These maps illustrate densities of chicken, cattle and feral pigs 4 
along with projected increases in heavy precipitation. Where effective management 5 
practices are lacking, increased precipitation could lead to increased contamination of 6 
water sources. (Figure sources: top left, top right: USDA, National Agriculture Statistics 7 
Service; bottom left: Ohio Department of Natural Resources; bottom right: adapted from 8 
Walsh et al. 2014). 9 
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Figure 4. Projections of Vibrio Occurrence and Abundance in Chesapeake Bay 1 

 2 

Caption: Seasonal and decadal projections of (A) concentration of V. parahaemolyticus 3 
in oysters of Chesapeake Bay and (B) probability of occurrence of V. vulnificus in 4 
Chesapeake Bay surface waters. Average values are plotted by decadal period and 5 
corresponding range of model projections of sea surface temperatures for the 2030s, 6 
2050s, and 2090s. (Figure source: Jacobs et al. 2014) 7 
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Figure 5. Changes in Suitable Coastal Vibrio Habitat in Alaska 1 

 2 

Caption: Vibrio growth increases in temperatures above 15° C. These maps show the 3 
projected area of Alaskan coastline with water temperature averages greater than 15°C 4 
for the 2030s, 2050s, and 2090s, and thus the projected suitable Vibrio habitat. (Figure 5 
source: Jacobs et al. 2014)  6 
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Figure 6. Projected Changes in Caribbean Gambierdiscus Species 1 

 2 

Caption: Projected average annual water temperature (T,°C), yearly number of optimum 3 
growth days, and mean projected growth rates (µ, d-1) for three Caribbean Gambierdiscus 4 
species (G. caribaeus, G. belizeanus, G. carolinianus) at buoy sites in the western Gulf of 5 
Mexico (WGOM), Yucatan channel (YUCT), and eastern Caribbean Sea (ECAR) 6 
through 2099. (Figure source: Kibler et al. 2014) 7 
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Figure 7. Projections of Growth of Alexandrium fundyense in Puget Sound  1 

 2 

 3 

Caption: Seasonal and decadal projections of growth of A. fundyense, in Puget Sound.  4 
Average values are plotted by decadal period and corresponding range of model 5 
projections of sea surface temperatures for the 2030s, 2050s, and 2090s. (Figure source: 6 
Jacobs et al. 2014) 7 
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6.1 Key Findings 1 

Increased Risk of Foodborne Illness 2 

Key Finding 1: Although there are many practices to safeguard food in the United States, 3 
climate change, including rising temperatures and changes in weather extremes, is expected to 4 
intensify pathogen and toxin exposure [Likely, High Confidence], increasing the risk, if not the 5 
actual incidence, of foodborne illnesses [Medium Confidence]. 6 

Chemical Contaminants in the Food Chain 7 

Key Finding 2: Elevated sea surface temperatures and increases in certain weather extremes 8 
associated with climate change will increase human exposure to water contaminants in food 9 
[Likely, Medium Confidence]. Climate change will also alter the incidence and distribution of 10 
pests, parasites, and microbes [Very Likely, High Confidence], which will lead to increases in the 11 
use of pesticides for crop protection, animal agriculture, and aquaculture. Increased use of 12 
pesticides may result in increased human exposure to chemical contaminants in the food chain 13 
[High Confidence]. 14 

Rising Carbon Dioxide Lowers Nutritional Value of Food 15 

Key Finding 3:  Rising atmospheric carbon dioxide will continue to lower the nutritional value 16 
of most food crops, including wheat and rice, and can also reduce the concentration of essential 17 
minerals in a number of crop species [Very Likely, High Confidence].  18 

Extreme Weather Limits Access to Safe Foods 19 

Key Finding 4: Increases in the frequency or intensity of some extreme weather events 20 
associated with climate change may increase disruptions of food distribution by damaging 21 
existing infrastructure or slowing shipments. These impediments may lead to food damage, 22 
spoilage, or contamination, which may limit availability and access to safe and nutritious food. 23 
[Medium Confidence] 24 

6.2 Introduction  25 
A safe and nutritious food supply is a vital component of food security. Food security, in a public 26 
health context, can be summarized as permanent access to a sufficient, safe, and nutritious food 27 
supply needed to maintain an active and healthy lifestyle. The impacts of climate change on food 28 
production, prices, and trade for the United States and globally have been widely examined, 29 
including in the most recent IPCC report (Porter et al. 2014) and elsewhere (Chakraborty and 30 
Newton 2011; Gregory et al. 2005; Lake et al. 2012). This chapter focuses on aspects of food 31 
security that are often less reported, specifically, the impacts of climate change on food safety, 32 
nutrition, and distribution in the context of human health in the United States.   33 

Systems and processes related to food safety, nutrition, and production are inextricably linked to 34 
their physical and biological environment (IOM 2012; Lake et al. 2012; Nelson 2014). Although 35 
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production is important, for most developed countries such as the United States, food shortages 1 
are uncommon; rather, nutritional quality and food safety are the primary health concerns 2 
(Jaykus et al. 2008; Lake et al. 2012).  3 

BOX: Definitions  4 
Food Safety:   5 
Those conditions and measures necessary for food production, processing, storage, and 6 
distribution in order to ensure a safe, sound, wholesome product that is fit for human 7 
consumption (FAO 2014). 8 

Foodborne Illness or Disease:   9 
Foodborne illness (sometimes called “food poisoning”) is a common public health problem. 10 
Each year, one in six Americans gets sick by consuming contaminated foods or beverages. 11 
Foodborne disease is caused by ingestion of contaminated food. Many different disease-causing 12 
microbes, or pathogens, can contaminate foods, so there are many different foodborne infections. 13 
In addition, contaminants such as toxins or chemicals can cause foodborne diseases if they are 14 
present in food. (CDC 2014a).  15 

--end box-- 16 

There are two overarching means by which increasing carbon dioxide (CO2) and climate change 17 
alter safety, nutrition, and distribution of food. The first is associated with rising global 18 
temperatures and the subsequent changes in weather patterns and extreme climate events (IPCC 19 
2012; IPCC 2013). Current and anticipated changes in climate and the physical environment 20 
have consequences for contamination, spoilage, and the disruption of food distribution. The 21 
second pathway is through the direct CO2 “fertilization” effect on plant photosynthesis. Higher 22 
concentrations of CO2 stimulate carbohydrate production and plant growth, but lower the levels 23 
of protein and essential minerals in a number of widely consumed crops, including wheat, rice 24 
and potatoes, with potentially negative implications for human nutrition (Loladze 2014).    25 

[Figure 1. Farm to Table: The Potential Interactions of Rising CO2 and Climate Change on Food 26 
Safety] 27 

6.3 Food Safety 28 
Although the United States has one of the safest food supplies in the world, food safety remains 29 
an important public health issue. Incidence of foodborne illness has always been linked to 30 
changes in weather and climate. Therefore, as climate change drives changes in environmental 31 
variables such as ambient temperature, precipitation, and weather extremes (particularly flooding 32 
and drought), increases in foodborne illnesses are expected (Kovats et al. 2004; CDC 2014b; 33 
USDA 2014). 34 

In the United States, the Centers for Disease Control and Prevention (CDC) estimate 48 million 35 
cases of foodborne illnesses per year, with approximately 3,000 deaths (Scallan et al. 2011a). 36 
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Most acute illnesses are caused by foodborne viruses (specifically noroviruses), followed by 1 
bacterial pathogens (such as Salmonella; see Table 1). Of the common foodborne illnesses in the 2 
United States, most deaths are caused by Salmonella, followed by the parasite Toxoplasma 3 
gondii (Scallan et al. 2011a, b; Painter et al. 2013). In addition, the antibiotics used to fight 4 
microbes in animal agriculture and aquaculture, chemical contaminants in foods such as 5 
ciguatoxin (a naturally occuring poison found in fish, see Ch. 5: Water-related Illness), 6 
pesticides, or heavy metals (such as mercury and arsenic), can also represent significant health 7 
threats (Gould et al. 2013; Painter et al. 2013; Pennotti et al. 2013; Tchounwou et al. 2003; 8 
Booth and Zeller 2005; Downs et al. 1998).   9 

[Figure 2. Climate Change and Health—Salmonella] 10 

6.3.1 How Climate Affects Food Safety 11 
Climate already influences food safety within an agricultural system in numerous ways—prior 12 
to, during, and after the harvest, and during transport, storage, preparation, and consumption. 13 
Changes in climate factors, such as temperature, precipitation, and extreme weather (especially 14 
heavy precipitation and flooding) are key drivers of pathogen introduction, food contamination, 15 
and foodborne disease, as well as changes in the level of exposure to specific contaminants and 16 
chemical residues for crops and livestock (Boxall et al. 2008; Strawn et al. 2012; Liu et al. 2013). 17 

The impact of climate on food safety occurs through multiple pathways. Changes in air and 18 
water temperatures, weather-related changes, and extreme events can shift the seasonal and 19 
geographic occurrence of bacteria, viruses, pests, parasites, and fungi (Wu et al. 2011; Strawn et 20 
al. 2012; Liu et al. 2013; Castro-Ibáñez et al. 2014; Selstad Utaaker and Robertson 2014). 21 
Warmer temperatures can increase the number of pathogens already present in produce (Lake et 22 
al. 2009; Behravesh et al. 2011) and seafood (Cook 1994; Gooch et al. 2002). Bacterial 23 
populations can increase during food storage which, depending on time and temperature, can 24 
also increase food spoilage rates (Parry et al. 2004; Paterson and Lima 2010). Sea surface 25 
temperature is directly related to seafood exposure to pathogens (see Ch. 5: Water-related 26 
Illness) (Lipp et al. 2001; Kovats et al. 2003; Paz et al. 2007). Precipitation has been identified as 27 
a factor in the contamination of irrigation water and produce (Monge and Chinchilla 1996; Liu et 28 
al. 2013; Strawn et al. 2012; Castro-Ibáñez et al. 2014), which has been linked to foodborne 29 
illness outbreaks (Solomon et. al. 2002; Sales-Ortells et al. 2014). Extreme weather events like 30 
dust storms or flooding can also introduce toxins to crops during development (see Ch. 7: 31 
Extreme Weather) (Miraglia et al. 2009). Finally, incidence of heavy metals in the food supply 32 
may also occur or increase as a result of changing environments and soil properties (Welch and 33 
Graham 1999).  34 

  35 
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6.3.2 Climate Impacts on Pathogen Prevalence 1 

Rising Temperature and Humidity   2 
Climate change will influence the fate, transport, transmission, viability, and multiplication rate 3 
of pathogens in the food chain. For example, increases in average global temperatures and 4 
humidity will lead to changes in the geographic range, seasonal occurrence, and survivability of 5 
certain pathogens (Kim et al. 2014; Lal et al. 2012a; Jaykus et al. 2008; Perez de Leon et al. 6 
2012).  7 

Climate change will not affect all foodborne pathogens equally (Table 1). The occurrence of 8 
some pathogens, such as Salmonella, Escherichia coli (E. coli), and Campylobacter, could 9 
increase with climate change because these pathogens thrive in warm, humid conditions. For 10 
example, Salmonella on raw chicken will double in number approximately every hour at 70°F, 11 
every 30 minutes at 80°F, and every 22 minutes at 90°F (Baranyi and Tamplin 2004; Oscar 12 
2009). 13 

Higher numbers of pathogens can lead to greater pathogen exposure and likelihood of illness. 14 
There is a summertime peak in the incidence of illnesses associated with these pathogens 15 
(Kovats et al. 2004; Kim et al. 2014; CDC 2014b) (see Figure 3). This peak may be related not 16 
only to warmer temperatures favoring pathogen growth, but also to an increase in outdoor 17 
activities, when more people are cooking or leaving food outside (such as at barbecues and 18 
picnics). Risk for foodborne illness is higher when food is prepared outdoors where the safety 19 
controls that a kitchen provides—thermostat-controlled cooking, refrigeration, and washing 20 
facilities—are usually not available (USDA 2014; Kovats et al. 2004; Kim et al. 2014; Rose et 21 
al. 2001;  Semenza et al. 2012; Lake et al. 2012).  22 

 [Figure 3. Seasonality of Human Illnesses Associated With Foodborne Pathogens] 23 

Rising sea surface temperatures may also increase the risk of pathogen exposure from seafood. 24 
For example, significantly warmer waters in Alaska from 1997 to 2004 were associated with an 25 
outbreak in 2004 of Vibrio parahaemolyticus, a bacterium that causes gastrointestinal illnesses 26 
when contaminated seafood is ingested (McLaughlin et al. 2005). Vibrio parahaemolyticus is 27 
one of the leading causes of seafood-related gastroenteritis in the United States and is associated 28 
with the consumption of raw oysters harvested from warm water estuaries. Similarly, the 29 
emergence of a related bacterium, Vibrio vulnificus, may also be associated with high water 30 
temperatures (Paz et al. 2007). While increasing mean water temperatures were implicated in a 31 
2004 outbreak (McLaughlin et al. 2005), ambient air temperature also affects levels of multiple 32 
species of Vibrio in shellfish (Cook 1994; Gooch et al. 2002). For example, Vibrio vulnificus 33 
may increase 10- to 100-fold when oysters are stored at ambient temperatures for ten hours 34 
before refrigeration (Cook 1997). Increases in ambient water and air temperatures would 35 
accelerate Vibrio growth in shellfish, potentially necessitating changes in post-harvest controls to 36 
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minimize the increased risk of exposure. (For more information on Vibrio, see Ch. 5: Water-1 
related Illness).  2 

Finally, climate change is projected to also result in warmer winters, earlier springs, and an 3 
increase in the overall growing season in many regions (Kunkel et al. 2013; Melillo et al. 2014). 4 
While there are potential food production benefits from such changes, warmer, longer seasons 5 
would also alter the length and occurrence of pathogen transmissions and chance of human 6 
exposure (Polley and Thompson 2009; Mills et al. 2010; Esteve-Gassent et al. 2014).    7 

Extreme Events   8 
In addition to the effects of increasing average temperature and humidity on pathogen survival 9 
and growth, increases in temperature and precipitation extremes can contribute to changes in 10 
pathogen transmission, multiplication, survivability, and growth.  11 

Climate change induced increases in weather extremes, such as flooding, can increase the 12 
incidence and levels of pathogens in food production, harvesting, and processing environments. 13 
Ground water and surface water used for irrigation, harvesting, and washing can be contaminated 14 
with runoff or flood waters that carry partially or untreated sewage, manure, or other wastes 15 
containing foodborne contaminants (Rose et al. 2001; Patz et al. 2008; Tornevi et al. 2014; Cho 16 
et al. 2010; Jamieson et al. 2005a, b). The occurrence of Salmonella in water is increased during 17 
times of monthly maximum precipitation in the summer and fall months (Fleury et al. 2006; 18 
Semenza et al. 2012); consequently the likelihood of Salmonella in water may increase in 19 
regions experiencing increased total or heavy precipitation events.  20 

Water is also an important factor in food processing. Climate and weather extremes, such as 21 
flooding or drought, can reduce water quality and increase the risk of pathogen transfer during 22 
the handling and storage of food following harvest. (Jaykus et al. 2008)  23 

The effect of drought on food safety is less clear. Dry conditions can pose a risk for pathogen 24 
transmission due to reduced water quality, increased risk of runoff when rains do occur, and 25 
increased pathogen concentration in reduced water supplies, if such water is used for irrigation, 26 
food processing, or livestock management (Okafo et al. 2003; Rose et al. 2001; Senhorst and 27 
Zwolsman 2005; Boxall et al. 2008). However, drought and extreme heat events could also 28 
decrease the survivability of certain foodborne pathogens, affecting establishment and 29 
transmission, and thus reducing human exposure (Zhang et al. 2009). 30 

Mycotoxins and Phycotoxins 31 
Mycotoxins are toxic chemicals produced by molds that grow on crops prior to harvest and 32 
during storage. Prior to harvest, increasing temperatures and drought can stress plants, making 33 
them more susceptible to mold growth (Cotty and Jaime-Garcia 2007). Warm and moist 34 
conditions favor mold growth directly and affect the biology of insect vectors that transmit molds 35 
to crops. Post-harvest contamination is also affected by environmental parameters, including 36 
extreme temperatures and moisture. If crops are not dried and stored at low humidity, mold 37 
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growth and mycotoxin production can increase to very high levels (Tirado et al. 2010; Medina et 1 
al. 2014). However as temperatures continue to increase, they may reach a point too high for 2 
certain molds to grow or produce mycotoxins, thus reducing human exposure (Paterson and 3 
Lima 2010).    4 

Phycotoxins are chemicals produced by certain harmful freshwater and marine algae that may 5 
affect the safety of drinking water and seafood. The alga responsible for producing ciguatoxin 6 
(the toxin that causes the illness known as ciguatera fish poisoning) thrives in warm water (see 7 
Ch. 5: Water-related Illness). Projected increases in sea surface temperatures may not only 8 
expand the endemic range of ciguatoxin-producing algae, but may also increase ciguatera fish 9 
poisoning incidence (Gould et al. 2013). Predicted increases in sea surface temperature of 2.5° to 10 
3.5°C could yield increases in ciguatera fish poisoning cases of 200% to 400% (Gingold et al. 11 
2014).  12 

Once introduced into the food chain, these toxins can result in adverse health outcomes with both 13 
acute and chronic toxic effects.  Current regulatory laws and management strategies safeguard 14 
the food supply from mycotoxins and phycotoxins; however, increases in frequency and range of 15 
their prevalence may increase the vulnerability of the food safety system.  16 
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Foodborne Hazard Symptoms  Estimated Annual Illnesses, 
Hospital visits, and Deaths  

Temperature/ 
Humidity 
Relationship 

Other Climate Drivers 

Norovirus  Vomiting, non-bloody diarrhea with abdominal pain, nausea, 
aches, low grade fever 

 5,500,000 illnesses 
 15,000 hospitalizations  
 150 deaths  

Pathogens 
Favor 

Colder/ 
Dryer 

Conditions 

Extreme weather events 
(such as heavy precipitation 
and flooding) 

Listeria 
monocytogene 

Fever, muscle aches, and, rarely, diarrhea. Intensive infection 
can lead to miscarriage, stillbirth, premature delivery, or life-
threatening infections (meningitis).  

 1,600 illnesses 
 1,500 hospitalizations 
 260 deaths  

 

Toxoplasma Minimal to mild illness with fever, serious illness in rare 
cases. Inflammation of the brain and infection of other organs, 
birth defects. 

 87,000 illnesses 
 4,400 hospitalizations  
 330 deaths 

  

Campylobacter Diarrhea, cramping, abdominal pain, nausea, and vomiting. In 
serious cases can be life-threatening. 

 850,000 illnesses 
 8,500 hospitalizations 
 76 deaths 

 Changes in the timing or 
length of seasons, 
precipitation and flooding 

Salmonella spp. 
(non typhoidal) 

Diarrhea, fever, and abdominal cramps; in severe cases death.  1,000,000 illnesses  
 19,000 hospitalizations 
 380 deaths  

Pathogens 
Favor 

Warmer/ 
Wetter 

Conditions 

Extreme weather events, 
changes in the timing or 
length of seasons 

Vibrio vulnificus 
and 
parahaemolyticus  

When ingested: watery diarrhea often with abdominal 
cramping, nausea, vomiting, fever and chills. Can cause liver 
disease. When exposed to an open wound: infection of the skin 

 35,000 illnesses 
 190 hospitalizations  
 40 deaths 

Sea surface temperature, 
extreme weather events  

Escherichia coli (E. 
coli) 

E. coli usually causes mild diarrhea. More severe pathogenic 
types, such as enterohemorrhagic E. Coli (EHEC), are 
associated with hemolytic uremic syndrome (a toxin causing 
destruction of red blood cells, leading to kidney failure).  

 200,000 illnesses  
 2,400 hospitalizations 
 20 deaths 

Extreme weather events, 
changes in the timing or 
length of seasons  

 

Table 1.  Estimated annual number of foodborne illnesses and deaths in the United States. Adapted from Scallan et al. 2011a; Akil et 
al. 2014; Kim et al. 2014; Lal et al. 2012a)
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Box:  Food Commodities Susceptible to Mycotoxin Infections 1 

 2 

Corn is especially susceptible to mold growth and mycotoxin production (Strosnider et al. 2006). 3 
Human dietary exposure to these toxins has resulted in illness and mortality in tropical regions, 4 
or where their presence remains unregulated, such as in Kenya (Lewis et al. 2005). In the United 5 
States, regulations are designed to prevent mycotoxins entering the food supply. Climate change 6 
will change the geographical range where mold growth and mycotoxin production occur, 7 
increasing the risk of illness and crop destruction (Jaykus et al. 2008; Cotty and Jaime-Garcia 8 
2007; Wu et al. 2011; Paterson and Lima 2010). Aflatoxins (naturally occurring mycotoxins 9 
found in corn) are a major concern because they are known carcinogens (a substance or agent 10 
that causes cancer) and can also cause impaired development in children, immune suppression, 11 
and, with severe exposure, death (Wild and Gong 2010; Lewis et al. 2005; Liu and Wu 2010). 12 
Other commodities susceptible to contamination by mycotoxins include peanuts, cereal grains, 13 
and fruit (Paterson and Lima 2010). 14 

--end box--  15 

6.3.3 Climate Impacts on Chemical Contaminants  16 

Metals and Other Chemical Contaminants 17 
There are a number of environmental contaminants, such as polychlorinated biphenyls (PCBs), 18 
pesticides, and heavy metals that pose a human health risk when they enter the food chain.  19 
Extreme events may facilitate the entry of such contaminants into the food chain, particularly 20 
during heavy precipitation and flooding. For example, chemical contaminants in floodwater 21 
following Hurricane Katrina included spilled oil, pesticides, heavy metals, and hazardous waste 22 
(Manuel 2006). While contaminated water may contaminate food crops, these crops are likely to 23 
be destroyed rather than consumed, to protect public health.  24 
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Elevated water temperatures may lead to higher concentrations of methylmercury (a form of 1 
mercury that can be absorbed into the bodies of animals, including humans) in fish and 2 
mammals. This is related to an increase in metabolic rates and increased mercury uptake at 3 
higher water temperatures (Dijkstra et al. 2013; Booth and Zeller 2005; Pack et al. 2014). Human 4 
exposure to dietary mercury is influenced by the amount of mercury in the food as well as the 5 
amount consumed and the species, age, and size of the fish. If future fish consumption patterns 6 
are unaltered, increasing ocean temperature would likely increase mercury exposure in human 7 
diets. Methylmercury exposure can affect the development of children, particularly if exposed in-8 
utero (González-Estecha et al. 2014).  9 

Pesticides 10 
Pesticides are chemicals generally regulated for use in agriculture to protect plants and animals 11 
from pests like insects, weeds, and microbes. Climate change is likely to exhibit a wide range of 12 
effects on the biology of plant and livestock pests. Rising minimum winter temperatures and 13 
longer growing seasons are very likely to alter pest distribution and populations. Temperature, 14 
CO2 concentrations, and water availability are also likely to affect pest development, the number 15 
of pest generations per year, changes in pest range, rate of infestation, and host plant and animal 16 
susceptibility (Rosenzweig et al. 2001; Ziska and Runion 2007; Chakraborty and Newton 2011; 17 
Pérez de León et al. 2012).   18 

Climate-induced changes in pest distribution and populations will likely lead to changes in 19 
pesticide use and increased human exposure to those pesticides. Researchers have projected that 20 
chemical management (the primary means for agricultural pest control in the United States and 21 
most developed countries) will increase as a result of reduced herbicide efficacy (for example, 22 
the faster growth of weeds relative to crops as CO2 levels rise) and/or climate-induced shifts in 23 
population and pest numbers (Patterson et al. 1999; Ziska et al. 1999; Chen and McCarl 2001; 24 
Manea et al. 2011). For example, a study of soybeans grown over a north-south transect in the 25 
Midwest (Minnesota to Louisiana) showed that pesticide applications increased for soybeans as 26 
winters warmed and pest survival over winter increased (Ziska 2014).  27 

Increases in pesticide use are likely to lead to increased pesticide contamination in the field and 28 
the potential for increases in human exposure. However, the degree of pesticide use may also 29 
reflect climate change induced choices for crop selection and land use. Increased exposure to 30 
pesticides could have implications on human health (Portier et al. 2010); however the nature of 31 
the impact would be dependent on genetic history, type of pesticide, and degree of exposure 32 
(Alavanja et al. 2013). 33 

Pesticide Residues  34 
Climate change, especially increases in temperature, may be important in altering the 35 
transmission of vectorborne diseases by influencing the life cycle, range, and reproductive 36 
success of the disease vectors (Esteve-Gassent et al. 2014; IOM 2012). Changes in veterinary 37 
practices and increased pesticide use are likely to be employed to maintain livestock health in 38 



USGCRP Climate and Health Assessment  Chapter 6: Food Safety 
Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  220 

response to climate-induced changes in pests, parasites, and microbes. As a result, pesticides can 1 
enter the food chain as contaminants and/or lead to evolution of pesticide resistance, with 2 
subsequent implications for the safety, distribution, and consumption of livestock and 3 
aquaculture products (Jaykus et al. 2008; WHO 2014; Cooper et al. 2014; Guerrero et al. 2014; 4 
Gormaz et al. 2014).   5 

Climate change may affect aquatic animal health through temperature-driven increases in disease 6 
(Lafferty et al. 2004). Prevalence for increased infections in aquaculture with temperature has 7 
been observed for some diseases (such as Ichthyophthirius multifiliis and Flavobacterium 8 
columnare; Karvonen et al. 2010) and is likely to result in greater use of aquaculture drugs 9 
(Tirado et al. 2010).  10 

6.4 Nutrition 11 
While sufficient quantity of food is an obvious requirement for food security, food quality is 12 
essential to fulfill basic nutritional needs. In developed countries with abundant food supplies, 13 
like the United States, the health burden of malnutrition may not be intuitive and is often 14 
underappreciated. Although it is difficult to separate malnutrition from other physical effects, the 15 
economic cost of malnutrition associated with other diseases can be as high as $157 billion per 16 
year in the United States (Snider et al. 2014). 17 
 18 
Globally, chronic dietary deficiencies of micronutrients such as vitamin A, iron, iodine, and zinc 19 
contribute to “hidden hunger,” a condition characterized by sufficient or excessive calorie 20 
consumption but insufficient intake of one or more micronutrients. This micronutrient deficiency 21 
constitutes one of the world’s leading health risk factors and adversely affects metabolism, the 22 
immune system, cognitive development and maturation—particularly in children, exacerbates 23 
the effects of diseases and can be a factor in prevalence of obesity (Bhaskaram 2002; Ezzati et al. 24 
2002; Kennedy et al. 2003; Kaidar-Person et al. 2008; Stein 2009; Gibson 2012).  25 

In the United States, although a number of foods are supplemented with nutrients, it is estimated 26 
that 38% and 45% of the population fall below the estimated average requirements for calcium 27 
and magnesium, respectively (Fulgoni et al. 2011). Approximately 12% of the population is at 28 
risk for zinc deficiency, including perhaps as much as 40% of the elderly (Song et al. 2009). In 29 
addition, nutritional deficiencies of magnesium, iron, selenium, and other essential 30 
micronutrients can occur in overweight and obese individuals, whose diets might reflect 31 
excessive intake of calories and refined carbohydrates but insufficient intake of vitamins and 32 
essential minerals (Flancbaum et al. 2006; Kimmons et al. 2006; Kaidar-Person et al. 2008; 33 
Lopez-Ridaura et al. 2004).  34 

6.4.1 How Rising CO2 Affects Nutrition 35 
Though rising CO2 stimulates plant growth and carbohydrate production, it can reduce the 36 
nutritional value (protein and minerals) of most food crops and is expected to continue to do so 37 
in the future (Conroy et al. 1992; Manderscheid et al. 1995; Ziska et al. 2004; Högy and 38 
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Fangmeier 2008, 2009; Fernando et al. 2014; Loladze 2002, 2014) (Figure 4). The CO2-induced 1 
reduction in crop quality has been linked to human nutrition (Loladze 2002, 2014; Taub et al. 2 
2008; Myers et al. 2014; Raubenheimer et al. 2014), representing a potential threat to human 3 
health, though projections of specific outcomes are complex. 4 

[Figure 4. Effects of Carbon Dioxide on Protein and Minerals] 5 

Protein. Protein content of major food crops is very likely to decline significantly as atmospheric 6 
CO2 concentrations increase to between 540 and 960 parts per million (ppm) (Jablonski et al. 7 
2002; Ziska et al. 2004; Taub et al. 2008; Myers et al. 2014), a range anticipated by the end of 8 
this century (IPCC 2013). Current atmospheric concentrations of CO2 are approximately 400 9 
ppm (Tans and Keeling 2014).  10 

Minerals and trace elements. Concentrations of micro and macro elements essential for human 11 
nutrition, including iron, zinc, calcium, magnesium, copper, sulfur, phosphorus, and nitrogen, are 12 
very likely to be reduced in most plants as a result of rising CO2 levels (including major cereals 13 
and staple crops)(Manderscheid et al. 1995; Loladze 2002, 2014; Fernando et al. 2014).  14 

Ratio of major macronutrients (carbohydrates to protein). It is very likely that rising CO2 will 15 
alter the relative proportions of major macronutrients in many crops by increasing carbohydrate 16 
content (starch and sugars) while at the same time decreasing protein content (Loladze 2014). An 17 
increase in dietary carbohydrates-to-protein ratio can have unhealthy effects on human 18 
metabolism and body mass (Layman et al. 2003; Krieger et al. 2006; Ebbeling et al. 2012; 19 
Raubenheimer et al. 2014).  20 

6.4.2 Protein 21 
As CO2 increases, plants need less protein for photosynthesis, resulting in an overall decline in 22 
protein content in plant tissues (Taub et al. 2008; Myers et al. 2014). Under laboratory conditions 23 
simulating the observed increase in global atmospheric CO2 concentration since 1960, a decline 24 
of 5% to 10% in protein concentration in wheat flour was observed, depending on the wheat 25 
variety (Ziska et al. 2004). With projected increases in atmospheric CO2, protein concentrations 26 
in major food crops, such as barley, wheat, rice, and potato, are projected to decrease by 27 
approximately 10% to 15% by 2100 (Högy and Fangmeier 2009; Högy et al. 2009; Wang et al. 28 
2011; Fernando et al. 2012, 2014; Loladze 2014). In contrast, significant decreases in protein 29 
content are not projected for corn or sorghum (Myers et al. 2014).   30 

While protein is an essential aspect of human dietary needs, the projected human health impacts 31 
of a diet including plants with reduced protein concentration from increasing CO2 are not well 32 
understood and may not be of considerable threat in the United States, where dietary protein 33 
deficiencies are uncommon. 34 



USGCRP Climate and Health Assessment  Chapter 6: Food Safety 
Draft for Public Comment  April 7, 2015 

Draft for Public Comment. Do Not Cite or Quote.  222 

6.4.3 Micronutrients 1 
Although the overall decrease in plant nitrogen and protein concentration in response to 2 
increasing CO2 is well documented (Cotrufo et al. 1998; Jablonski et al. 2002; Taub 2008), the 3 
ongoing increase in atmospheric CO2 is also very likely to deplete other elements essential to 4 
human health (such as calcium, copper, iron, magnesium, and zinc) by 5% to 10% in most plants 5 
(Loladze 2014). 6 

The projected decline in mineral concentrations in crops has been attributed to at least two 7 
distinct effects of elevated CO2 on plant biology. First, rising CO2 increases carbohydrate 8 
accumulation in plant tissues, which can, in turn, dilute the content of other nutrients, including 9 
minerals. Second, high CO2 concentrations reduce plant demands for water, resulting in fewer 10 
nutrients being drawn into plant roots, which can further reduce mineral concentrations in plant 11 
tissues (Grifferty and Barrington 2000; Loladze 2002; McGrath and Lobell 2013). 12 

At the present time, the concentrations of essential elements in many current crop varieties are 13 
insufficient for optimal nutrition (Graham et al. 2001; Welch and Graham 2004, 2005; White and 14 
Broadley 2009; Gibson 2012). The ongoing increase in CO2 concentrations reduces the amount 15 
of essential minerals per calorie in most crops, thus reducing nutrient density of crops. Such a 16 
reduction in crop quality may aggravate existing nutritional deficiencies, particularly for 17 
populations with pre-existing health conditions (see Ch. 9: Populations of Concern). 18 

6.4.4 Carbohydrate-to-Protein Ratio 19 
Elevated CO2 tends to increase the concentrations of carbohydrates (starch and sugars) and 20 
reduce the concentrations of protein (Taub et al. 2008). The overall effect is a significant 21 
increase in the ratio of carbohydrates-to-protein in plants exposed to increasing CO2 (Loladze 22 
2014). There is growing evidence that a dietary increase in this ratio can adversely affect human 23 
metabolism (Ebbeling et al. 2012) and body composition (Layman et al. 2003).  24 

6.5 Distribution and Access 25 
A reliable and resilient food distribution system is essential for access to a safe and nutritious 26 
food supply. Access to food is characterized by transportation and availability, which are defined 27 
by infrastructure, trade regulations, and storage requirements, as well as socioeconomic 28 
considerations and government regulation (Ericksen 2008).  29 

The shift in recent decades to a more global food market has resulted in a greater dependency on 30 
mass food transport and distribution in order to achieve access, particularly to growing urban 31 
populations. Consequently, any climate-related disturbance to food distribution and transport 32 
may have significant impacts, not only on safety and quality, but also on food access. The effects 33 
of climate change on each of these interfaces will differ by region and by regional social, 34 
economic, and bio-geophysical factors (Gregory et al. 2005).   35 
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6.5.1 How Extreme Events Affect Food Distribution and Access 1 
Projected increases in the frequency or severity of some extreme events will interrupt food 2 
delivery, particularly for vulnerable transport routes (IPCC 2012; Koetse and Rietveld 2009, 3 
2012). The degree of disruption is related to three factors: a) popularity of the transport pathway, 4 
b) availability of alternate routes, and c) timing (seasonality) of the extreme event (Zhang and 5 
Erera 2012). As an example, the food transportation system in the United States frequently 6 
moves large volumes of grain by water. In the case of a weather disaster affecting a waterway, 7 
there are few, if any, alternate pathways for transport (McGuirk et al. 2009). This presents an 8 
especially relevant risk to food access if an extreme event, like flooding or drought, coincides 9 
with times of agricultural distribution, such as the fall harvest.  10 

Immediately following an extreme event, food supply and safety can be compromised (McGuirk 11 
et al. 2009; USDA 2005; IPCC 2007). At the regional level, hurricanes or other storms can 12 
disrupt food distribution infrastructure, damage food supplies (IPCC 2014), and limit access to 13 
safe and nutritious food, even in areas not directly affected by such events (Blake et al. 2013; see 14 
Ch. 7: Extreme Weather). For example, within the Gulf Coast transportation network, nearly 15 
64% of interstate highways, roughly half of all railways, and almost all coastal ports are 16 
vulnerable to storm surges of 23 feet (CCSP 2008). Following Hurricane Katrina in 2005, where 17 
storm surges of 25 to 28 feet above normal tide level were recorded along parts of the Gulf 18 
Coast, grain transportation by rail or barge was severely slowed due to physical damage to 19 
infrastructure and the displacement of employees (USDA 2005; NOAA 2014). Barriers to food 20 
transport may also affect food markets, reaching consumers in the form of increased food costs 21 
(Lal et al. 2012b).  22 

The risk for food spoilage and contamination in storage facilities, supermarkets, and homes is 23 
likely to increase due to the impacts of extreme weather events, particularly those that result in 24 
power outages, which may expose food to ambient temperatures inadequate for safe storage 25 
(IPCC 2007). Storm-related power grid disruptions have steadily increased since 2000 (DOE 26 
2013). Between 2002 and 2012, extreme weather caused 58% of power outage events, 87% of 27 
which affected 50,000 or more customers (DOE 2013). Often power outages are linked to an 28 
increase in illness. For example, in August of 2003, a sudden power outage affected over 60 29 
million people in the northeastern United States and Canada. New York City’s Department of 30 
Health and Mental Hygiene detected a statistically significant citywide increase in diarrheal 31 
illness resulting from consumption of spoiled foods due to lost refrigeration capabilities (Marx et 32 
al. 2006). 33 

Box:  Case Study: Extreme Drought and the Mississippi River, 2012 34 
[Figure 5: Mississippi River Level at St. Louis, Missouri] 35 

[Photo 2: Low water conditions on Mississippi River near St. Louis, MO, on December 5, 2012.] 36 
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The summer of 2012 was the second hottest on record for the contiguous United States (NOAA 1 
2012). High temperatures and a shortage of rain lead to one of the most severe summer droughts 2 
the nation has seen and posed serious impacts to the Mississippi River watershed, a major 3 
transcontinental shipping route for Midwestern agriculture (USDA 2013; Olson and Morton 4 
2014). This drought resulted in significant food and economic losses due to reductions in barge 5 
traffic, the volume of goods carried, and the number of Americans employed by the tugboat 6 
industry (AWO 2014). Ironically, the 2012 drought was followed by flooding throughout the 7 
Mississippi in the spring of 2013, which also resulted in disruptions of barge traffic and food 8 
transport. These events are examples that fit a pattern with observed and projected increases in 9 
the frequency or severity of some types of extreme weather under continued climate change 10 
(IPCC 2007, 2014; Melillio et al. 2014). 11 

--end box-- 12 

6.6 Populations of Concern  13 
Climate change, combined with other social, economic, and political conditions, may increase 14 
the vulnerability of many different populations to food insecurity or food-related illness 15 
(Schmidhuber and Tubiello 2007). However, not all populations are equally vulnerable (IPCC 16 
2014; Mellilo et al. 2014). Infants and young children, pregnant women, the elderly, low income 17 
populations, agricultural workers, and those with weakened immune systems or who have 18 
underlying medical conditions are more susceptible to the effects of climate change on food 19 
safety, nutrition, and access.  20 

Children may be especially vulnerable because they eat more food by body weight than adults 21 
and do so during important stages of physical and mental growth and development. Agricultural 22 
field workers, especially pesticide applicators, may experience increased exposure as pesticide 23 
applications increase with rising pest loads. People living in low-income urban areas, with 24 
limited access to supermarkets (Hendrickson et al. 2006; Furey et al. 2001), and the elderly may 25 
have difficulty accessing safe and nutritious food after disruptions associated with extreme 26 
weather events (Rose and Richards 2004). Climate change will also affect U.S. indigenous 27 
peoples’ access to both wild and cultivated traditional foods associated with their nutrition, 28 
cultural practices, local economies, and community health (see Ch. 9: Populations of Concern). 29 

6.7 Emerging Issues  30 
Climate and allergies.  Food allergies currently affect up to 3% of adults and 6% of children in 31 
the United States. Allergic reactions can range from mild to severe, including the potential for 32 
life-threatening anaphylaxis. Rising CO2 levels can reduce protein content in certain plants; 33 
however CO2 can also change protein composition. Such compositional changes have the 34 
potential to alter allergenic sensitivity. For example, rising CO2 has been shown to increase the 35 
concentration of the Amb a1 protein, the allergenic protein most associated with ragweed pollen 36 
(Singer et al. 2005). However, at present, the role of rising CO2 and/or climate in altering food-37 
based allergies is uncertain and requires more research (Beggs 2004).   38 
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Arsenic. Poorer-quality irrigation water available during droughts may contain high 1 
concentrations of arsenic (Welch et al. 2000). Because climate and rising CO2 levels can also 2 
influence the extent of water loss through the crop canopy, these factors could lead to increased 3 
concentrations of arsenic and potentially other heavy metals known to be toxic to humans (like 4 
cadmium and selenium) in plant tissues. However, additional information is needed to quantify 5 
the geographic and seasonal nature of this relationship, especially in cereals such as rice. 6 

Zoonosis and livestock. Zoonotic diseases, which are contagious diseases spread from animals to 7 
humans, can be transmitted through direct contact with the infected animal or through the 8 
consumption of contaminated food or water. Climate change could potentially increase the rate 9 
of zoonoses, through environmental change that alters the biology or evolutionary rate of the 10 
disease vector or the health of the animal. This could affect human health by increasing pathogen 11 
presence and the use of antibiotics in livestock. However, to date, little quantitative information 12 
is available regarding the occurrence or prevalence of this risk.  13 

Foodborne pathogen contamination of fresh produce by insect vectors. Foodborne bacterial 14 
pathogens such as Salmonella can be transmitted to fresh produce by insects (Soto-Arias et al. 15 
2013, 2014; Kopanic et al. 1994). The range and distribution of insects and other 16 
microorganisms will, in turn, be altered by climate. Additional information is needed regarding 17 
the role of climate change on the transmission to and development of food pathogens through 18 
insect vectors.  19 

6.8 Research Needs 20 
The links among climate and food safety, nutrition, and distribution have long been 21 
acknowledged by scientists. Further research on how food safety, nutrition, and distribution 22 
interact with other measures of food security (for example, crop productivity and food 23 
availability) in the context of climate change and non-climate factors (for example, changes in 24 
farming technology, food behaviors, or underlying demographics) will be crucial to furthering 25 
our understanding of human health impacts. Addressing these challenges will necessitate 26 
increased surveillance of foodborne disease, contaminant transport, human nutrition, and food 27 
distribution. Such surveillance should include research that furthers our understanding of how 28 
gradual changes (such as rising average temperatures), changes in climate variability, and 29 
changes in the frequency or intensity of extreme events will lead to new vulnerabilities within 30 
the food chain, over time for different regions. Such research is critical for improving our ability 31 
to measure future disease burden and identifying adaptive management needs and control 32 
strategies.  33 

 34 

  35 
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6.9 Traceable Accounts 1 

Process for Developing Key Messages 2 
The key messages were developed during technical discussions and expert deliberation at a two-3 
day workshop of all report authors on September 10–11, 2014, held in Washington D.C.; a 4 
workshop of all chapter authors held October 29, 2014, in Washington D.C.; through multiple 5 
technical discussions via teleconferences from August through November 2014; an author team 6 
call to finalize the Traceable Account draft language on November 20, 2014, based on reviews 7 
provided by the steering committee and the NOAA Technical Support Unit; and through various 8 
communications on points of detail and issues of expert judgment between November 2014 and 9 
March 2015. The author team also engaged in targeted consultations during multiple exchanges 10 
with Contributing Authors, who provided additional expertise on subsets of the key messages. 11 
These discussions were held subsequent to multiple rounds of reviews and revisions of the draft 12 
chapter, particularly between August and November 2014. Further revisions to Key Findings and 13 
Traceable accounts were made through release of the public draft, in accordance with guidance 14 
provided by the USGCRP climate and health assessment steering committee. 15 

Increased Risk of Foodborne Illness 16 

Key Finding 1: Although there are many practices to safeguard food in the United States, 17 
climate change, including rising temperatures and changes in weather extremes, is expected to 18 
intensify pathogen and toxin exposure [Likely, High Confidence], increasing the risk, if not the 19 
actual incidence, of foodborne illnesses [Medium Confidence]. 20 

Description of evidence base 21 
Numerous studies have documented that many microbial foodborne illnesses increase with 22 
increasing ambient temperature (Kovats et al. 2004; USDA 2014). Bacteria grow more rapidly at 23 
higher temperatures and can increase the prevalence of pathogens in food (Ravel et al. 2010; 24 
Lake et al. 2009; Behravesh et al. 2001; Parry et al. 2004; Wu et al. 2011). Case studies have 25 
demonstrated that lack of refrigerated storage, particularly during very warm weather, leads to 26 
increases in microbial growth and higher exposure to pathogens (USDA 2014; Kovats et al. 27 
2004; Kim et al. 2014; Lake et al. 2012; Cook 1997). 28 

Research has shown that increased precipitation (flooding and runoff events) results in increased 29 
microbial and chemical contamination of crops, water, and agricultural environments, which 30 
increases human exposure (Rose et al. 2001; Ge et al. 2011). During times of drought, plants 31 
become weaker and more susceptible to damage which can result in mold growth and mycotoxin 32 
production if plants are held in warm, moist environments (Cotty and Jaime-Garcia 2007; Wu et 33 
al. 2011). 34 

Major uncertainties 35 
Though pathogen and toxin exposure are expected to increase, a resulting change in number or 36 
severity of illnesses is uncertain. Much of this uncertainty is due to having controls in place to 37 
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protect public health. For example, contaminated crops are likely to be destroyed before 1 
consumption and certain pathogens in food, like mycotoxins, are highly regulated in the United 2 
States. 3 

Assessment of confidence and likelihood based on evidence  4 
There is high confidence that rising temperature and increases in flooding, runoff events, and 5 
drought will lead to effects on the prevalence and transport of pathogens, which will likely 6 
increase food contamination and exposure to pathogens and toxins. This is likely to impose 7 
greater strain on and increased vulnerability of current regulatory systems that prevent foodborne 8 
illness. Whether increased food contamination does lead to increased illness will depend on the 9 
response of these regulatory systems; as such there is medium confidence that increases in 10 
foodborne pathogen exposure will have an impact on human health. 11 

Chemical Contaminants in the Food Chain 12 

Key Finding 2: Elevated sea surface temperatures and increases in certain weather extremes 13 
associated with climate change will increase human exposure to water contaminants in food 14 
[Likely, Medium Confidence]. Climate change will also alter the incidence and distribution of 15 
pests, parasites, and microbes [Very Likely, High Confidence], which will lead to increases in the 16 
use of pesticides for crop protection, animal agriculture, and aquaculture. Increased use of 17 
pesticides may result in increased human exposure to chemical contaminants in the food chain 18 
[High Confidence]. 19 

Description of evidence base 20 
Multiple studies have shown that increases in ocean temperatures are likely to increase the 21 
potential for mercury exposure, likely due to the increased uptake of mercury in fish and 22 
mammals at higher metabolic rates associated with warmer ambient temperatures (Dijkstra et al. 23 
2013; Booth and Zeller 2005). 24 

Rising minimum winter temperatures and longer growing seasons are very likely to alter pest 25 
distribution and populations. Temperature, CO2 concentrations, and water availability are also 26 
likely to affect pest development, number of pest generations per year, changes in pest range, 27 
rate of infestation, and host plant and animal susceptibility (Rosenzweig et al. 2001; Ziska and 28 
Runion 2007; Chakraborty and Newton 2011; Pérez de León et al. 2012; Tirado et al. 2010). An 29 
analysis of long-term in situ pesticide data as well as empirical models indicate that rising 30 
temperatures will result in increased pest pressures (Patterson et al. 1999; Ziska et al. 1999; Chen 31 
and McCarl 2001; Manea et al. 2011). These changes are expected to result in increased use of 32 
pesticides (Patterson et al. 1999; Ziska et al. 1999; Chen and McCarl 2001; Manea et al. 2011), 33 
which can lead to increased human exposure (Alavanja et al. 2013). 34 

Major uncertainties 35 
While increasing pesticide use will alter health risks, the nature of those risks will depend on the 36 
specific type of pesticide and its concentration, whether concurrent changes in climate affect the 37 
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long-term presence of the pesticide, the specific epidemiological links between exposure and 1 
human health, and the degree of exposure. 2 

Assessment of confidence and likelihood based on evidence  3 
There is high confidence that climate change, including rising CO2 levels and increases in 4 
extreme weather events, will very likely lead to changes in pest fecundity, range, and 5 
distribution and will reduce the efficacy of many pesticides, enhancing pest pressures and 6 
resulting in greater pesticide application. There is high confidence that rising CO2 and climate 7 
change will result in greater pesticide use and increased contamination of foods. However, the 8 
specific relationship between exposure and human health is uncertain, as it is driven by the type 9 
of pesticide, time of exposure, genetic predisposition, etc.  Consequently, there is low 10 
confidence regarding the specific impact that increases in pesticide exposure will have on human 11 
health. Given the evidence base and current uncertainties, there is medium confidence in the 12 
effects of climate change on increased exposure to chemical contaminants like mercury.  13 

Rising Carbon Dioxide Lowers Nutritional Value of Food 14 

Key Finding 3:  Rising atmospheric carbon dioxide will continue to lower the nutritional value 15 
of most food crops, including wheat and rice, and can also reduce the concentration of essential 16 
minerals in a number of crop species [Very Likely, High Confidence].  17 

Description of evidence base 18 
The qualitative/nutritional response of rising carbon dioxide is well documented, particularly 19 
among C3 cereals, such as rice and wheat, which make up the bulk of human caloric input. 20 

Protein concentrations in plants strongly correlate with nitrogen concentrations. CO2-induced 21 
declines in nitrogen concentrations have been observed in nearly a hundred individual studies 22 
and several meta-analyses (Cotrufo et al. 1998; Jablonski et al. 2002; Taub and Wang 2008; 23 
Loladze 2002, 2014). A meta-analysis of the effect of CO2 on protein by crop (Taub et al. 2008) 24 
covers 228 observations on wheat, rice, soybeans, barley and potato, and was recently repeated 25 
for the United States, Japan, and Australia (Myers et al. 2014) covering 138 observations on 26 
protein in wheat, rice, peas, maize, and sorghum. There is very strong evidence that rising CO2 27 
reduces protein content in non-leguminous C3 crops, including wheat, rice, potato, and barley. 28 
(C3 are plant species that will respond positively to rising atmospheric CO2 levels, about 95% of 29 
all plant species). There is also good agreement across studies that the ongoing increase in CO2 30 
elevates the overall carbohydrate content in plants.  31 

A second meta-analysis (Loladze 2014), quantifies the role of increasing CO2 on the ionome (the 32 
mineral nutrient and trace element composition of an organism) of plants, including major crops. 33 
This meta-analysis of 7,761 observations indicates that increasing CO2 also significantly reduces 34 
the mineral concentrations (calcium, magnesium, iron, zinc, copper, sulfur, potassium, and 35 
phosphorus) in C3 plants, including grains and edible parts of other crops, while also 36 
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substantially increasing the ratio of total non-structural carbohydrates (starch and sugars) to 1 
minerals and to protein in C3 plants. 2 

Furthermore, the quality of current crops was found to be lower relative to the crops raised in the 3 
past with respect to protein and minerals (Taub et al. 2008). Protein concentrations in wheat 4 
progressively declined with rising CO2 concentrations representing levels in 1900, 2000 and a 5 
projected level later in this century (Ziska et al. 2004). 6 

Major uncertainties 7 
While the general response and the direction in the change of crop quality is evident; there is 8 
uncertainty in the extent of variation in both protein and ionome among different crop varieties. 9 
There is little evidence on the CO2 effects on complex micronutrients such as carotenoids 10 
(vitamin A, lutein, and zeaxanthin). Although protein, micronutrients, and ratio of carbohydrates 11 
to protein are all essential aspects of human dietary needs, the projected human health impacts of 12 
nutritional changes with increasing CO2 are still being evaluated.   13 

Assessment of confidence and likelihood based on evidence 14 
Based on the evidence, there is high confidence that the rapid increase in atmospheric CO2 has 15 
potentially resulted, for a number of important crop species (including a number of global C3 16 
cereal species such as wheat, barley and rice), in a reduction in the level of protein and minerals 17 
relative to the amount of carbohydrates present, and will very likely continue to do so as CO2 18 
continues to rise. There is low confidence in our understanding of how this reduction in crop 19 
quality affects human nutrition, by contributing to or aggravating existing chronic dietary 20 
deficiencies and obesity risks, particularly in the United States.   21 

Extreme Weather Limits Access to Safe Foods 22 

Key Finding 4: Increases in the frequency or intensity of some extreme weather events 23 
associated with climate change may increase disruptions of food distribution by damaging 24 
existing infrastructure or slowing shipments. These impediments may lead to food damage, 25 
spoilage, or contamination, which may limit availability and access to safe and nutritious food. 26 
[Medium Confidence] 27 

Description of evidence base 28 
It is well documented in assessment literature that climate models project an increase in the 29 
frequency and intensity of extreme weather events (IPCC 2013). Because the food transportation 30 
system moves large volumes at a time, has limited alternative routes, and has timing dictated by 31 
the growing and harvest seasons, it is likely that the projected increase in the frequency and 32 
intensity of extreme weather events (IPCC 2012, 2013) will also increase food supply chain 33 
disruptions (Zhang and Erera 2012; Lal et al. 2012b; USDA 2005; IPCC 2007; Koetse and 34 
Rietveld 2009, 2012; McGuirk et al. 2009) and the risk for food spoilage and contamination 35 
(IPCC 2007; Schmidhuber and Tubiello 2007). Recent natural disasters (USDA 2005; Olson and 36 
Morton 2014) have demonstrated a clear linkage to the disruption of food distribution and 37 
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access. Extreme weather events, particularly those that result in power outages, may expose food 1 
to ambient temperatures inadequate for safe storage (IPCC 2007) leading to an increase in 2 
illness. New York City’s Department of Health and Mental Hygiene detected a statistically 3 
significant citywide increase in diarrheal illness resulting from consumption of spoiled foods due 4 
to lost refrigeration capabilities after a 2003 power outage (Marx et al. 2006). 5 

Major uncertainties 6 
The extent to which climate related disruptions to the food distribution system will affect food 7 
supply, safety, and human health remains uncertain. This is because the impacts of any one 8 
extreme weather event are determined by the type, severity, and intensity of the event, the 9 
geographic location in which it occurs, and the social vulnerabilities of the populations at risk. 10 

Assessment of confidence and likelihood based on evidence 11 
Given the evidence base and current uncertainties, there is medium confidence that projected 12 
increases in the frequency and severity of extreme events will lead to damage of existing food 13 
supplies and disruptions to food distribution infrastructure. There is medium confidence that 14 
these damages and disruptions will limit access to safe and nutritious foods. However, there is 15 
low confidence that these disruptions may lead to subsequent impacts on health due to the 16 
uncertainty surrounding how the specific dynamics of the extreme event, such as the geographic 17 
location in which it occurs, and the social vulnerabilities of the populations at risk, will impact 18 
human health.    19 

  20 
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6.11 Figures 1 

Figure 1. Farm to Table: The Potential Interactions of Rising CO2 and Climate Change on 2 
Food Safety 3 

  4 

 5 
Caption: The food system involves a network of interactions with our physical and 6 
biological environments as food moves from production to consumption, or from “farm 7 
to table”. Rising CO2 and climate change will affect the quality and distribution of food, 8 
with subsequent effects on food safety and nutrition.  9 

 10 

  11 

  12 
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Figure 2. Climate Change and Health—Salmonella 1 

 2 

Caption: Conceptual diagram illustrating the exposure pathways by which climate 3 
change influences Salmonella growth, occurrence, transmission, and infection in humans. 4 
The central blue pathway includes selected examples of climate drivers, the pathways by 5 
which humans are exposed to health threats from those drivers, and the resulting health 6 
outcomes. The orange path to the left indicates selected examples of non-climate factors 7 
that are not aspects of climate change but that can affect human vulnerability to health 8 
impacts of climate change. The green path to the right indicates additional risk factors 9 
that may increase human vulnerability to health impacts of climate change. 10 

  11 
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Figure 3. Seasonality of Human Illnesses Associated With Foodborne Pathogens  1 

 2 

Caption: There is a summertime peak in the incidence of illnesses associated with a) 3 
Campylobacteriosis, b) Salmonellosis, and c) E. Coli. For these three pathogens, the 4 
monthly seasonality index shown here on the y-axis indicates the global disease incidence 5 
above or below the yearly average, which is denoted as 100. For example, a value of 173, 6 
for the month of June would mean that the proportion of cases for that month was 73% 7 
higher than the 12 month average. Unlike these three pathogens, incidence of norovirus, 8 
which can be attained through food, has a wintertime peak. The y-axis of the norovirus 9 
incidence graph (d) uses a different metric than (a-c): the monthly proportion of the 10 
annual sum of norovirus cases in the northern hemisphere between 1997 and 2011. For 11 
example, a value of 0.10 for March would indicate that ten percent of the annual cases 12 
occurred during that month). Confidence intervals (dashed lines) are plus and minus one 13 
standard deviation. (Figure sources: a,b, and c: adapted from Lal et al. 2012a; d: Ahmed 14 
et al. 2013)  15 

  16 
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Figure 4. Effects of Carbon Dioxide on Protein and Minerals 1 

 2 

Caption: Direct effect of rising atmospheric carbon dioxide (CO2) on the concentrations 3 
of protein and minerals in crops. The top figure shows that the rise in CO2 concentration 4 
from 293 ppm (at the beginning of the last century) to 385 ppm (at the end of the last 5 
century) to 715 ppm (projected to occur by 2100, see RCP8.5 and RCP6.0, Meinshausen 6 
et al. 2011), progressively lowers protein concentrations in wheat flour (the average of 7 
four varieties of spring wheat). The lower figure—the average effect on 125 plant species 8 
and cultivars—shows that a doubling of CO2 concentration from preindustrial levels 9 
diminishes the concentration of essential minerals in plants, including ionome (the 10 
mineral nutrient and trace element composition of an organism), and also lowers protein 11 
concentrations in barley, rice, wheat and potato. (Figure source: Data are summarized 12 
from Ziska et al. 2004, Taub et al. 2008, and Loladze 2014.) 13 

  14 
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Figure 5: Mississippi River Level at St. Louis, Missouri1 

 2 

Caption: Mississippi River gauge height at St. Louis, MO, showing low water conditions 3 
during the 2012 drought and water levels above flood stage in 2013. (Figure source: 4 
adapted from USGS 2015) 5 

 6 

Photo 2: Low water conditions on Mississippi River near St. Louis, MO, on December 5, 7 
2012. Photo source: St. Louis District, U.S. Army Corps of Engineers. 8 
https://www.flickr.com/photos/usacestlouis/8272004391/in/set-72157632243609029 9 

 10 
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7.1 Key Findings 1 

Changes in Exposure Risk  2 

Key Finding 1: Climate change may increase exposure to health hazards associated with 3 
projected increases in the frequency and/or intensity of extreme precipitation, hurricanes, coastal 4 
inundation, drought, and wildfires in some regions of the United States [Medium Confidence]. 5 
Adverse health outcomes associated with exposure to extreme events include death, injury, or 6 
illness; exacerbation of underlying medical conditions; and adverse effects on mental health. 7 

Other Factors Influence Health Impacts 8 

Key Finding 2: The character and severity of health impacts from extreme events depend not 9 
only on the frequency or intensity of the extremes themselves but also on a population’s 10 
exposure, sensitivity, and adaptive capacity. Many types of extreme events can cause loss of 11 
essential infrastructure (such as water, transportation, and power systems) required to safeguard 12 
human health. [High Confidence] 13 

Certain Populations Are More Vulnerable 14 

Key Finding 3: Key risk factors that individually and collectively shape a population’s 15 
vulnerability to health impacts from extreme events include age, health status, socioeconomic 16 
status, race/ethnicity, and occupation. [High Confidence] 17 

7.2  Introduction 18 
Climate change has already resulted in a shift in the frequency, intensity, and duration of certain 19 
extreme events, with implications for human health (Walsh et al. 2014; Figure 1). Projections 20 
show that there will be an increase in the occurrence and severity of some extreme events (such 21 
as the frequency and intensity of heavy rainfall events) in the coming century, while for other 22 
extremes, the links to climate change are more uncertain (Walsh et al. 2014).  23 

[Figure 1. Estimated Deaths and Billion Dollar Losses from Extreme Weather Events in the U.S. 24 
2004-2013] 25 

Health hazards associated with extreme events can result in death, injury, disease, and mental 26 
health impacts. The severity and extent of health effects associated with extreme events depend 27 
on the unique human, societal, and environmental circumstances at the time and place where 28 
events occur. Table 1 provides an overview of the major causes of death and other adverse health 29 
impacts associated with each extreme event type.  30 

Extreme events may result in direct health impacts, such as drowning or injury during a 31 
hurricane (Figure 2). Other health impacts may occur after the event as a result of damage to 32 
property, destruction of assets, loss of infrastructure and public services, social and economic 33 
disruption, environmental degradation, and other factors. Observing and quantifying the direct, 34 
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near-term outcomes is relatively straightforward, often resulting in higher confidence in 1 
assessing those impacts. Health impacts distributed over longer periods of time are harder to 2 
observe and quantify. 3 

[Figure 2. Climate Change and Health--Flooding] 4 

The health impacts of extreme heat and extreme cold are discussed in Ch. 2: Extreme 5 
Temperatures. Although mental health effects are noted briefly here and in later sections of this 6 
chapter, in-depth discussion of the impacts of extreme events on mental health is presented in 7 
Ch. 8: Mental Health. Four other types of extreme events with important health impacts in the 8 
United States are addressed in this chapter: 1) flooding from extreme precipitation and 9 
hurricanes, 2) droughts and dust storms, 3) wildfires, and 4) winter storms and severe 10 
thunderstorms. 11 

Table 1: Health Impacts of Extreme Events 12 
Event Type Example Health Outcomes & 

Symptoms (not a comprehensive list) 
Climate Change Drivers & Future Projections from 
NCA3 (Melillo et al. 2014) 

Flooding and 
other hazards 
related to 
extreme 
precipitation, 
hurricanes, 
and other 
coastal 
storms  

 Drowning  

 Traumatic injury  

 Mental illness and stress disorders 

 Preterm birth and low birth weight 

 Infrastructure failures and post-
event disease spread 

Heavy downpours are increasing nationally, especially 
over the last three to five decades, with the largest 
increases in the Midwest and Northeast. Increases in 
extreme precipitation are projected for all U.S. regions.  

The intensity, frequency, and duration of North Atlantic 
hurricanes, as well as the frequency of the strongest 
hurricanes, have all increased since the 1980s. Hurricane 
intensity and rainfall are projected to increase as the 
climate continues to warm.  

Global sea level has risen by about 8 inches since 
reliable record keeping began in 1880. It is projected to 
rise another 1 to 4 feet by 2100. In the next several 
decades, storm surges and high tides could combine with 
sea level rise and land subsidence to further increase 
flooding in many regions.  

Droughts  Reduced water quality and quantity 

 Reduced air quality 

 Respiratory impacts 

 Mental illness and stress disorders 

Droughts have changed over the last couple decades, 
with patterns and trends varying regionally across the 
United States. Droughts in the Southwest are projected 
to become more intense.  

Wildfires  Asphyxiation  

 Burns  

 Toxic smoke exposures 

 Exacerbations of chronic diseases 
such as asthma 

 Traumatic injuries due to traffic 
accidents 

 Mental illness and stress disorders 

Increased warming, drought, and insect outbreaks, all 
caused by or linked to climate change, have regionally 
increased the occurrence of wildfires.  

Rising temperatures and hotter, drier summers are 
projected to increase the frequency and intensity of large 
wildfires  
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Event Type Example Health Outcomes & 
Symptoms (not a comprehensive list) 

Climate Change Drivers & Future Projections from 
NCA3 (Melillo et al. 2014) 

Winter storms   Hypothermia 

 Frostbite  

 Carbon monoxide poisoning 

 Exacerbations of chronic disease 

 Traumatic injuries 

Winter storms have increased in frequency and intensity 
since the 1950s and their tracks have shifted northward.  

Severe 
thunderstorms 

 Traumatic injuries 

 Wound infection  

 Mental illness and stress disorders 

 Exacerbations of chronic disease 

 Infrastructure failures and post-
event disease spread 

Trends in severe storms, including tornadoes, hail, and 
thunderstorms, are still uncertain.  

 

 1 

7.3  Complex Factors Determine Health Impacts  2 
Climate change has increased and is projected to further increase the frequency and/or intensity 3 
of some types of extreme events, and it may increase exposure to associated risks of adverse 4 
health outcomes. The character and severity of health impacts depend on a complex set of 5 
factors, including the physical impacts of the extreme events themselves as well as the 6 
underlying vulnerability of the affected people and communities (IPCC 2012). Vulnerability is 7 
the propensity or predisposition to be adversely affected by climate-related health effects. It 8 
encompasses three elements: 1) exposure, 2) sensitivity, and 3) adaptive capacity. (See Ch. 9: 9 
Populations of Concern for detailed discussion and definitions of these terms.)  10 

Exposure is the presence of people in places that could be adversely affected by climate-related 11 
health risks. Choices by individuals and governments can either reduce or increase extreme event 12 
exposure risk (Gaillard et al. 2014). Such choices can include, for example, building in 13 
floodplains and coastal areas subject to extreme high tides and sea level rise and/or in fire-prone 14 
ecosystems. Urban populations face unique exposure risks due to their dependence on complex, 15 
often interdependent infrastructure systems that can be severely disrupted during extreme events 16 
(Melillo et al. 2014; Kirshen et al. 2008). Rural communities also have unique vulnerabilities. 17 
For example, after an extreme event, power and communications can take longer to restore 18 
(Melillo et al. 2014). 19 

Sensitivity is the degree to which people or communities are affected after exposure to an event. 20 
It is determined, in part, by biologically based traits, such as the state of their overall health and 21 
their age or life stage. For example, older adults (generally defined as age 65 and older) are 22 
physiologically more sensitive to health impacts from extreme events because of normal aging 23 
processes; they are generally more frail, more likely to have chronic medical conditions that 24 
make them more dependent on medications, and require more assistance in activities of daily 25 
living (Aldrich and Benson 2008; Penner and Wachsmuth 2008). Sensitivity can also be affected 26 



USGCRP Climate and Health Assessment  Chapter 7: Extreme Weather 

Draft for Public Comment  April 7, 2015	 	

Draft for Public Comment. Do Not Cite or Quote.  255  

by social and economic factors that affect disparities in the prevalence of chronic medical 1 
conditions that contribute to biological sensitivity (Frumkin et al. 2008; Keppel 2007). 2 

Adaptive capacity is the ability of communities, institutions, or people to adjust to adverse 3 
impacts, to take advantage of opportunities, or to respond to consequences. Having strong 4 
adaptive capacity confers resilience—the ability to cope with a hazardous event or trend. In the 5 
context of extreme events, people with low adaptive capacity have difficulty responding, 6 
evacuating or relocating when necessary, and recovering from event-related health impacts. 7 
Factors that contribute to lower adaptive capacity to cope with extreme weather events include 8 
poverty, age (very young or very old), mobility or cognitive impairments or other functional 9 
limitations, medical or chemical dependence, limited English proficiency, social or cultural 10 
isolation, homelessness, and institutionalization (prisons, psychiatric facilities, nursing homes) 11 
(Lane et al. 2013; Penner and Wachsmuth 2008; Kovats and Hajat 2008). Those with higher 12 
income possess a much higher level of resilience and availability of resources to increase their 13 
adaptive capacity (Masozera et al. 2007; Keim 2008). Risk sharing, management, and recovery 14 
schemes such as insurance can also play a significant role in building resilience in the context of 15 
extreme events and climate change (Linnenluecke et al. 2012; Warner et al. 2009). For instance, 16 
lack of health insurance has been associated with greater risk of hospital admission after 17 
exposure to certain weather events (Grineski et al. 2011). 18 

Across the various types of extreme events, certain groups of people are consistently more 19 
vulnerable to adverse health impacts. Poverty is a key risk factor, and the poor are 20 
disproportionately affected (IPCC 2012; Frumkin et al. 2008; Brouwer et al. 2007). Low-income 21 
populations may have fewer financial resources and social capital (such as human networks and 22 
relationships) to help them prepare for, respond to, and recover from an extreme event (Thomalla 23 
2006; Tapsell et al. 2002). Adaptive capacity is also reduced in low-income neighborhoods 24 
where the physical and social construct of the urban environment (such as neighborhood 25 
cohesion and social patterns) promotes social isolation (Srinivasan et al. 2003; Bashir 2002; 26 
Hawe and Shiell 2000). In addition, existing health disparities among some minority and low-27 
income populations are frequently exacerbated during extreme events (Collins et al. 2013; Hawe 28 
and Shiell 2000). For example, African American populations have higher rates of chronic 29 
conditions such as asthma, decreased lung function, and cardiovascular issues, all of which are 30 
known to increase sensitivity to health effects of smoke from wildfires (Weinhold 2011).  31 

The complex interplay of exposure, sensitivity, and adaptive capacity can make it difficult to 32 
project health impacts associated with extreme events. Dynamic interactions between extreme 33 
events, their physical impacts, and population responses complicate this further. For example, 34 
demographic and population shifts may change exposure to public health impacts. The 35 
population along coastal areas is increasing (Moser et al. 2014). In the future, this coastal 36 
migration in conjunction with rising sea levels has the potential to result in increased 37 
vulnerability to storm surge events for a greater proportion of the U.S. population concentrated in 38 
these coastal areas. While these complexities make it difficult to quantify and project future 39 
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human health impacts for all types of events, scientists have strong qualitative understanding of 1 
the factors that contribute to human exposure and subsequent risk of adverse health impacts as a 2 
result of changing extreme weather and climate. 3 

7.4 Adverse Impacts and Cascading Failures to Essential Infrastructure and 4 

Services  5 
Compromise of essential infrastructure and services after extreme events can increase population 6 
exposure to health hazards, and losses related to the event can reduce adaptive capacity (IPCC 7 
2012). Serious health risks can arise from utility outages; infrastructure and housing damage; and 8 
disruption or loss of access to sanitation, safe food and water supplies, health care, 9 
communication, and transportation (Lane et al. 2013; Alderman et al. 2012; Senkbeil et al. 2011; 10 
McKinney et al. 2011). Existing infrastructure was designed assuming stable weather patterns, 11 
leaving systems vulnerable to weather-related stressors outside their engineered capacity (IPCC 12 
2012; Dell et al. 2014). Shifts in the frequency or intensity of extreme events outside their 13 
historical range poses infrastructure risks, which may be compounded by the fact that much of 14 
the existing critical infrastructure in the United States, like water and sewage systems, roads, 15 
bridges, and power plants, are aging and in need of repair or replacement (Cutter et al. 2014; 16 
IPCC 2012). In addition, recurrent weather-related stressors, such as “nuisance flooding” 17 
(frequent coastal flooding causing public inconveniences), contribute to overall deterioration of 18 
infrastructure like stormwater drainage systems and roads (NOAA 2014). These systems are 19 
important in the context of health because drainage helps to avoid sewage overflows and 20 
maintain water quality (Cann et al. 2013), and roads are vital for evacuations and emergency 21 
response during and after extreme events (Skinner et al. 2009). Energy infrastructure that relies 22 
on environmental inputs, such as water for cooling in power generation or hydroelectric dams, is 23 
also vulnerable to changes in extreme events due to climate change (Dell et al. 2014; Mooney et 24 
al. 2009). As power generation accounts for one of the largest withdrawals of freshwater in the 25 
United States (Kenny et al. 2009), longer or more intense droughts that are projected for some 26 
regions of the United States will contribute to reduced energy production, supply disruptions of 27 
varying lengths and magnitudes, and adverse impacts to other infrastructure that depends on 28 
energy supply (Dell et al. 2014). 29 

Electricity is fundamental to much modern infrastructure, and power outages are commonly 30 
associated with the types of extreme events highlighted in this chapter (Klinger et al. 2014). 31 
During power outages, observed health impacts include increased deaths from accidental and 32 
natural causes (Anderson and Bell 2012), increased cases of foodborne diarrheal illness from 33 
consuming food spoiled by lack of refrigeration (Lane et al. 2013), and increased rates of 34 
hospitalization (Lin et al. 2011). In addition, extreme event-related power outages are associated 35 
with increased injuries and deaths from carbon monoxide poisoning after floods, hurricanes, 36 
severe winter storms, and ice storms (Goldman et al. 2014; Lane et al. 2013; McKinney et al. 37 
2011; Daley et al. 2000; Iqbal et al. 2012; Lutterloh et al. 2011). This is due to increased use of 38 
gasoline-powered generators, charcoal grills, and kerosene and propane heaters or stoves inside 39 
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the home or other areas without proper ventilation. Populations considered especially vulnerable 1 
to the health impacts of power outages include older adults, young children, those reliant on 2 
electrically powered medical equipment like ventilators and oxygen, those with preexisting 3 
health conditions, and those with disabilities or functional limitations (Klinger et al. 2014; Lane 4 
et al. 2013; Anderson and Bell 2012). 5 

Extreme events can disrupt health care access via damage to or loss of infrastructure, evacuation, 6 
and population displacement. Damage to transportation infrastructure or difficult road conditions 7 
may delay first responders, potentially delaying treatment of acute injuries and requiring more 8 
serious intervention or hospitalization (Skinner et al. 2009). Health risks to emergency workers 9 
themselves may also be exacerbated by infrastructure damage, communication disruption, and 10 
social unrest (Schulte and Chun 2009). For chronically ill people, treatment interruptions can 11 
exacerbate health conditions (Lane et al. 2013; Kleinpeter 2011). After Hurricane Katrina, 12 
patients with cancer, hypertension, kidney disease requiring dialysis, cardiovascular disease, and 13 
respiratory illnesses were all particularly affected (Kleinpeter 2011; Arrieta et al. 2009; 14 
Anderson et al. 2009). Evacuations also pose health risks to older adults—especially those who 15 
are frail, medically incapacitated, or residing in nursing or assisted living facilities—and may be 16 
complicated by the need for concurrent transfer of medical records, medications, and medical 17 
equipment (Lane et al. 2013; Laditka et al. 2008). Health risks increase if evacuation is delayed 18 
until after a storm hits; loss of power and damage to communications and transportation 19 
infrastructure can hinder operations (Lane et al. 2013).  20 

Extreme precipitation events and storms can overwhelm or damage stormwater and wastewater 21 
treatment infrastructure, increasing the risk of exposure to contaminated water (see Ch. 5: Water-22 
Related Illness). Risk of post-flood gastrointestinal illness outbreaks are considered to be low in 23 
the United States, but risk increases for displaced populations, especially young children and 24 
infants with immature immune systems, where shelter conditions are crowded or have poor 25 
sanitation (Lane et al. 2013; Alderman et al. 2012). There is potential for post-flood mold and 26 
fungi growth inside houses to worsen allergic and asthmatic symptoms, but observational data is 27 
lacking on these types of health impacts following floods or storms (Lane et al. 2013; Alderman 28 
et al. 2012; Du et al. 2010). 29 

Many infrastructure systems are reliant on one other, and a failure of one system can lead to the 30 
failure of dependent systems—a phenomenon referred to as a cascading failure. Because 31 
extreme events can strain single or multiple pieces of interconnected infrastructure, and failure at 32 
any place in the system can cause cascading impacts, extreme events often lead to cascading 33 
infrastructure failure (Leavitt and Kiefer 2006; Wilbanks and Fernandez 2013). Compounded 34 
with the hazards of the extreme event, these cascading failures can be catastrophic as both 35 
utilities and transportation services are interrupted. Dramatic infrastructure system failures are 36 
rare, but such cascading failures can have dramatic public health consequences when they do 37 
occur, including epidemic-level shifts in disease incidence (Knowlton et al. 2011).  38 
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The 2003 blackout in the northeastern United States is one example. Electricity is essential to 1 
multiple systems, and a failure in the electrical grid can have cascading effects on water 2 
treatment, transportation services, and public health (Cutter et al. 2014; Knowlton et al. 2011). 3 
The 31-hour blackout was caused indirectly by surging electrical demand during a heat wave. 4 
Cascading failures compromised traffic control, water treatment, and a host of other critical 5 
infrastructure and led to an epidemic increase in accidental and non-accidental deaths (Anderson 6 
and Bell 2012) and hospitalizations (Lin et al. 2011). Health care infrastructure was severely 7 
taxed (Kile et al. 2005; Prezant et al. 2005; Freese et al. 2006; Klein et al. 2007).  8 

Another example comes from the Milwaukee Cryptosporidium outbreak, which caused an 9 
estimated 403,000 cases of diarrhea (Mac Kenzie et al. 1994) and at least 104 deaths (Hoxie et 10 
al. 1997). This, the largest waterborne disease outbreak in U.S. history, was a cascading failure 11 
resulting from the failure of sewer systems and water treatment systems during an extreme 12 
precipitation event. The combination of heavy spring rainfall with snowmelt caused sewage 13 
systems to overflow and unprocessed water to run into Lake Michigan (Milwaukee’s water 14 
source). This heavy contamination, along with operational changes at the Milwaukee Water 15 
Works (Mac Kenzie et al. 1994), allowed Cryptosporidium cysts to pass through the treatment 16 
facility into the public water supply (Fox and Lytle 1996), causing epidemic health impacts.  17 

Recent work has identified ways to conceptualize and model interdependencies (Simpson et al. 18 
2005) and use such frameworks and models to identify particularly vulnerable infrastructure and 19 
sectors, such as health care (Ho Oh et al. 2010; McDaniels et al. 2007). Identifying vulnerable 20 
infrastructure and investing in strategies to reduce vulnerability, including redundancy (having 21 
additional or alternate systems in place as backup) and infrastructure serviceability (ensuring a 22 
certain standard of condition and performance), can reduce the likelihood of significant adverse 23 
impacts from catastrophic cascading failures related to extreme weather events (Deshmukh et al. 24 
2011). 25 

7.5 Flooding and Other Health Hazards Associated with Extreme 26 

Precipitation, Hurricanes, and Coastal Storms 27 
Floods are the primary health hazard associated with extreme precipitation events, hurricanes, 28 
and other coastal storms. Because climate change is projected to alter the frequency or intensity 29 
of extreme precipitation events and hurricanes, people in some regions of the United States are 30 
expected to be at greater risk of exposure to flood hazards (Lowe et al. 2013; Luber et al. 2014; 31 
Frumkin et al. 2008). Exposure may increase depending on the type of flood in question, and 32 
increased exposure may result in the types of health impacts discussed in section 7.5.1. 33 

Coastal floods are predominately caused by storm surges (when strong winds from hurricanes or 34 
other storms push water ashore) that can destroy buildings and infrastructure, cause severe 35 
coastal erosion, and submerge large areas of the coast (Georgakakos et al. 2014). Rising sea 36 
levels due to climate change will increase exposure to storm surge-related flooding along the 37 
U.S. coastline, as well as in Hawaii and the U.S. Affiliated Pacific Islands (Moser et al. 2014; 38 
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Leong et al. 2014). Nuisance flooding is also increasing in frequency due to sea level rise 1 
(NOAA 2014) and may contribute to infrastructure-related health impacts where it occurs. 2 

Inland flash and urban floods occur in smaller natural or urban watersheds and are closely tied to 3 
heavy rainfall, which will increase in frequency and severity due to climate change 4 
(Georgakakos et al. 2014). Heavy rainfall before, during, and after landfall of a hurricane can 5 
also cause substantial inland flooding far from the storm’s center (Figure 3) (Villarini et al. 2014; 6 
Rowe and Villarini 2013; Schumacher and Galarneau 2012). Given projected increases in 7 
hurricane intensity and rainfall due to climate change, large areas of the midwestern and eastern 8 
United States are at increased risk of inland flooding related to hurricanes (Villarini et al. 2014). 9 

[Figure 3. Hurricane-induced Flood Effects in Eastern and Central United States] 10 

River floods occurring in large watersheds like the Mississippi and Missouri River Basins 11 
depend on many factors including precipitation, pre-existing soil moisture conditions, river basin 12 
topography, and human factors like land-use change and flood control infrastructure (dams, 13 
levees) (Georgakakos et al. 2014). Despite this complexity, climate projections indicate future 14 
increases in river flooding in large parts of the Mississippi and Missouri River Basins (Schwartz 15 
et al. 2014) and in some mountain watersheds in the western United States that are affected by 16 
increasing snowmelt and rain-on-snow events (increased runoff when rain falls onto existing 17 
snowpack) (Georgakakos et al. 2014). 18 

7.5.1 Health Impacts Associated with Flood Exposure 19 
Risk of injuries, illnesses, and death from flood exposure may increase in those regions of the 20 
United States where climate change is projected to affect flooding. Most flood deaths in the 21 
United States are due to drowning associated with flash flooding (Lane et al. 2013; Alderman et 22 
al. 2012; Du et al. 2010). The majority of these deaths are associated with becoming stranded or 23 
swept away when driving or walking near or through floodwaters (Du et al. 2010; Kellar and 24 
Schmidlin, 2012; Sharif et al. 2014; Špitalar et al. 2014).  25 

Drowning in flood waters was the leading cause of death of the approximately 2,544 people who 26 
died as a direct result of hurricanes and coastal storms from 1963 to 2012 (Rappaport 2014). The 27 
deadliest U.S. storms of this century to date were Hurricane Katrina and Superstorm Sandy. 28 
Katrina was a very large and powerful Category 3 storm that hit the Gulf Coast region in 2005. 29 
Sandy was a rare hybrid tropical and extratropical storm that affected a large portion of the 30 
country in October 2012, with particularly significant impacts in New Jersey and the greater 31 
New York City. Hurricane Katrina was responsible for almost half of the hurricane-related 32 
deaths over the past 50 years (Rappaport 2014), with the majority of the 1,833 deaths due to 33 
drowning or flood-related physical trauma due to the failure of the levees in New Orleans 34 
(Brunkard et al. 2008). Superstorm Sandy is estimated to have caused between 117 and 147 35 
direct deaths across the Atlantic basin, also with drowning and flood-related physical trauma as 36 
the leading cause of death (NOAA 2013; CDC 2013). 37 
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Both fatal and non-fatal injuries can occur before (preparation or evacuation), during, or after 1 
(cleanup and recovery) a flood. Common flood-related injuries include blunt trauma from falling 2 
debris or objects moving quickly in flood water, electrocution, falls, and motor vehicle accidents 3 
from wet, damaged, or obstructed roads (Lane et al. 2013; Alderman et al. 2012; Du et al. 2010). 4 
Other common, generally non-fatal injuries include cuts, puncture wounds, sprains/strains, burns, 5 
hypothermia, and animal bites (Lane et al. 2013; Alderman et al. 2012; Du et al. 2010). Many of 6 
these injuries have been observed in occupational settings (McKinney et al. 2011) and in rural 7 
areas (Špitalar et al. 2014). Exposure to flood waters or to contaminated drinking water can 8 
cause gastrointestinal illness; wound infections; skin irritations and infections; and eye, ear, nose, 9 
and throat infections (Lane et al. 2013; Alderman et al. 2012). 10 

In the United States, older adults, males, and some low-income communities of color experience 11 
more flood-related fatalities (Alderman et al. 2012). For example, almost half of deaths from 12 
Hurricane Katrina were people over age 75, while for Superstorm Sandy almost half were over 13 
age 65 (Lane et al. 2013; Alderman et al. 2012). The black adult mortality rate from Hurricane 14 
Katrina was up to four times higher than that of whites (Brunkard et al. 2008; Alderman et al. 15 
2012). Flash floods in the United States from 2006 to 2012 killed more rural residents than 16 
urban, for reasons including slower emergency response times, fewer emergency response units, 17 
and a lack of alternative transportation options when roads are closed (Špitalar et al. 2014). 18 
Floods and storms also create numerous occupational health risks, with most storm-related 19 
fatalities associated with clean-up activities (44%), construction (26%), public utilities 20 
restoration (8%), and security/policing (6%) (Lane et al. 2013). Other risk factors for flood-21 
related health impacts include existing illness, dependency on medication, low education, and 22 
low socioeconomic status (Lowe et al. 2013). 23 

Pregnant women and newborns are uniquely vulnerable to flood health hazards, with 24 
observations linking flood exposure to adverse birth outcomes (preterm birth, low birth weight) 25 
after Hurricane Katrina and the 1997 floods in North Dakota (Tong et al. 2011; Xiong et al. 26 
2008). Flood-related mental health impacts are associated with direct and longer-term losses, 27 
social disruption, stress, and economic hardship (Lane et al. 2013; Alderman et al. 2012; Du et 28 
al. 2010). Women, children, older adults, low-income populations, and those in poor health, with 29 
prior mental health issues, or with weak social networks may be especially vulnerable to the 30 
mental health impacts of floods (Ch. 8: Mental Health). 31 

7.5.2 Health Impacts Associated with Wind Exposure  32 
Hurricanes and other coastal storms can generate tremendous wind speeds, creating unique 33 
health hazards apart from floods. Climate change is projected to increase hurricane intensity, and 34 
populations exposed to stronger storms—primarily those living in the Eastern and Gulf Coast 35 
regions of the United States—may experience increased exposure to wind hazards. Wind-related 36 
injuries commonly result from physical trauma of being physically blown over by the force of 37 
the wind, being struck by falling trees and other flying debris, collapse of all or parts of 38 
buildings, and overturning motor vehicles and mobile homes (Goldman et al. 2014). These 39 
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injuries are generally not fatal, though acute trauma from falling trees and debris and from motor 1 
vehicle accidents are often reported as one of many causes of death due to hurricanes and coastal 2 
storms (Goldman et al. 2014; Lane et al. 2013). 3 

7.6 Droughts  4 
In some regions of the United States, climate change is projected to lengthen or intensify 5 
droughts, especially in the Southwest (Garfin et al. 2014), which may increase exposure to a 6 
broad set of health hazards including wildfires, dust storms, extreme heat events, flash flooding, 7 
degraded air and water quality, and reduced water quantity (Luber et al. 2014; Frumkin et al. 8 
2008). Drought can affect exposure risk to health hazards differently depending on several 9 
variables such as characteristics of the built environment, loss of livelihoods, local demand for 10 
water, and changes in ecosystems (Stanke et al. 2013). As a result of the many variables and poor 11 
ability to quantify links between drought and health impacts, the possible future public health 12 
implications of drought could be very broad and vary widely across the nation (CDC 2010a). 13 
Researching the health effects of drought poses unique challenges given multiple definitions of 14 
the beginning and end of a drought, and because health effects tend to accumulate over time. In 15 
addition, the health impacts do not occur in isolation (for example, droughts intensify heatwaves 16 
(Melillo et al. 2014), further complicating efforts to attribute specific health outcomes to specific 17 
drought conditions. 18 

A primary health implication of drought arises from the contamination and depletion of water 19 
sources (CDC 2010a), but there are few studies documenting specific health consequences in the 20 
United States (Whitehead et al. 2009). Drought in coastal areas can increase saltwater intrusion 21 
into fresh groundwater supplies, reducing the supply and quality of potable water (Barlow 2003; 22 
USGS 2013; Dausman and Langevin 2005). In addition to reducing water quantity, drought can 23 
decrease water quality through mechanisms such as increasing pollutant concentration, 24 
stagnation and higher temperatures that can encourage pathogen growth, and reduced oxygen for 25 
normal aquatic life that encourages the spread of non-native organisms and species (Olds et al. 26 
2011; Zwolsman and van Bokhoven 2007; van Vlieta and Zwolsman 2008; Delpla et al. 2009; 27 
Whitehead et al. 2009). Heavy rains following a period of drought have been associated with 28 
major disease outbreak events due to reduced water quality (NYSDOH 2000). Reduced water 29 
quality can also create water-related recreational risks by increasing concentrations of 30 
waterborne pathogens and other contaminants (such as chemicals and heavy metals) (CDC 31 
2010a) (see also Ch. 5: Water-Related Illness).  32 

In some regions of the United States, drought has increased the incidence of certain infectious 33 
diseases, such as West Nile virus disease (Epstein and Defilippo 2001; Johnson and Sukhdeo 34 
2013; Shaman et al. 2010; Wang et al. 2010; Landesman et al. 2007). One explanation is that, 35 
during droughts, mosquitos find the remaining water sources, which tend to be more stagnant 36 
and closer to both human populations and to bird species that can host the virus (Johnson and 37 
Fonseca 2014). Primarily in the Southwest, droughts followed by periods of heavy rainfall have 38 
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been associated with an increase in rodent populations (Hjelle and Torres-Pérez 2010; Clement 1 
et al. 2009; Kuenzi et al. 2007). This could potentially lead to increased exposures to rodent 2 
allergens and rodent borne disease, such as hantavirus (Klein and Calisher, 2007; Reusken and 3 
Heyman, 2013; Watson et al., 2014).  4 

Drought conditions also tend to reduce air quality and exacerbate respiratory illness by way of 5 
several mechanisms associated with soil drying, loss of vegetation, airborne particulate matter, 6 
and the creation of conditions conducive for dust storms and wildfires (Peterson et al. 2014; 7 
Munson et al. 2011). In addition, soluble trace gases and particles remain suspended in the air 8 
with a lack of precipitation (Neu and Prather 2012), reducing air quality (see Ch. 3: Air Quality 9 
Impacts). Inhalation of particles can irritate bronchial passages and lungs, making individuals 10 
suffering from chronic respiratory illness worse (CDC 2010a). The size of particles is directly 11 
linked to their potential health effects. Fine particles are causally related to cardiovascular illness 12 
(for example, heart attacks and strokes) and premature death, and are likely to be causally related 13 
to respiratory effects (EPA 2009). There is comparatively greater uncertainty regarding the 14 
health effects of inhalation of coarse particles (Morman and Plumlee 2013; Puett et al. 2008), 15 
whose levels can be strongly affected by the presence of soil dust particles, but some evidence 16 
indicates an association with premature death and cardiovascular and respiratory effects (EPA 17 
2009). 18 

Mental health issues have also been observed during drought periods through research primarily 19 
conducted in Australia (Stanke et al. 2013; see also Ch. 8: Mental Health). Rural areas in 20 
particular can experience a rise in mental health issues related to economic insecurity from 21 
drought (Stanke et al. 2013; Fritze et al. 2008; Obrien 2014; Carnie et al. 2011; Hanigan et al. 22 
2012). 23 

Box: Wind Erosion and Dust Storms 24 
Drought may increase the potential for wind erosion to cause soil dust to become airborne 25 
(Munson et al. 2011), though past trends of dust activity and projections are highly uncertain 26 
(Brahney et al. 2013). Major dust sources in the United States are located in the Southwest and 27 
the High Plains (Ginoux et al. 2012), which are also regions where climate change is expected to 28 
affect drought patterns (Melillo et al. 2014). In addition to drought, wind erosion can be 29 
exacerbated by human activities that disturb the soil, including growing crops, livestock grazing, 30 
recreation and suburbanization, and water diversion for irrigation (Munson et al. 2011; Belnap et 31 
al. 2014).  32 

In the United States, dust exposure has been linked to increased incidence in respiratory disease 33 
including asthma and acute bronchitis (Hefflin et al. 1994; Grineski et al. 2011) and pneumonia 34 
(Panikkath et al. 2013). However, the dust characteristics (such as composition and particle size), 35 
exposure levels, and biological mechanisms responsible for the observed health effects of dust 36 
are not completely understood. In part, this is because observations are generally unavailable in 37 
areas where dust exposure is greatest, including drylands and agricultural areas (Morman and 38 
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Plumlee 2013). Apart from illness, intense dust storms are also associated with impaired 1 
visibility, which can cause road traffic accidents resulting in injury and death (Ashley et al. 2014; 2 
Ashley and Black 2008).  3 

-- end box -- 4 

Sidebar: Fungal Diseases and Climate Change  5 
Fungi growth and dispersal are sensitive to changes in temperature, moisture, and wind (Beggs 6 
2004), though the influence of long-term climate change on disease-causing fungi is not yet fully 7 
understood. Allergic reactions, illnesses related to fungal toxins, and superficial or invasive 8 
infections can cause serious illness, permanent disability, or death. Reports of these infections 9 
are on the rise (Pfaller et al. 2006). People generally become infected by breathing in fungal 10 
spores directly from the environment or having spores enter the skin at sites of injury. 11 
Coccidioides and Cryptococcus gattii (C. gattii) are two examples of fungal pathogens that show 12 
a substantiated link between climate and fungal infections (Litvintseva et al. 2014; CDC 2010b; 13 
Garcia-Solanche and Casadevall 2010; Zender and Talamantes 2006; Park et al. 2005). This link 14 
can help us infer the role that climate change may have on these fungal pathogens. 15 

[Figure 4. Photomicrograph of the environmental form of Coccidioides, the fungus that causes 16 
Valley Fever]  17 

Coccidioidomycosis, also called “Valley Fever,” is an infection caused by Coccidioides, a 18 
fungus that lives mainly in the southwestern United States (Figure 4). The fungus appears to 19 
grow best in soil after heavy rainfall and then becomes airborne most effectively during hot, dry 20 
conditions (Smith 1946). Several studies in Arizona and California, where most reported cases in 21 
the United States occur, suggest that climate likely plays a role in seasonal and yearly infection 22 
patterns in these areas (Park et al. 2005; Zender and Talamantes 2006). Recently, Coccidioides 23 
was found in soil in south-central Washington, far north of where it was previously known to 24 
live (Marsden-Haug et al. 2014). It is possible that climate factors such as drought and increased 25 
temperature are contributing to Coccidioides’ expanded geographic range (Litvintseva et al. 26 
2014). Droughts are projected to become more prolonged and intense in the southwestern United 27 
States (Garfin et al. 2014), which could lead to ideal conditions for the spread of Coccidioides. 28 

Infections by C. gattii—once thought to only inhabit tropical and subtropical environments—29 
have been observed in the Pacific Northwest region of the United States since 2004 (CDC 30 
2010b; Datta et al. 2009; Hoang et al. 2004). Rising temperatures and changing winter conditions 31 
may be contributing to this species’ expanded geographic range (CDC 2010b; Garcia-Solanche 32 
and Casadevall 2010). This region has experienced a 1.3°F increase in temperature over the last 33 
century, and future projections show a continual temperature increase in the next century (Mote 34 
et al. 2014). Understanding climate change effects on fungal infections, in combination with 35 
other factors, will rely on comprehensive epidemiologic surveillance, better methods to detect 36 
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disease-causing fungi in the environment, and ongoing collaboration between multiple scientific 1 
fields.  2 

-- end box -- 3 

7.7 Wildfires 4 
Projected climate changes related to wildfire include increasing temperatures and longer dry 5 
seasons. These changes along with other factors mean that many areas, particularly in the 6 
western United States and Alaska, will be increasingly affected by large, intense fires that occur 7 
more frequently (Melillo et al. 2014; Williams et al. 2010; Bowman et al. 2009; Keane et al. 8 
2009; Littell et al. 2009). The associated health risks are also projected to increase in many 9 
regions (Garfin et al. 2014; Luber et al. 2014).  10 

Wildland fire, or wildfire, is any fire that occurs in vegetative areas or on natural fuels and that 11 
does not principally involve structures (NWCG 2014). Wildfire can have health impacts well 12 
beyond the perimeter of the fire. Populations nearby the fire and thousands of miles downwind 13 
may be exposed to a complex smoke mixture of chemical gases and particulate matter for 14 
periods ranging from a few days to several weeks (Youssouf et al. 2014a; Naeher et al. 2007; 15 
Sapkota et al. 2005). Wildfire emissions are highly variable in chemical composition, size and 16 
distribution, and the types of substances emitted (including carbon dioxide, carbon monoxide, 17 
methane, nitrogen oxides, and both fine and coarse particles) (Stefanidou et al. 2008; Naeher et 18 
al. 2007). These emissions also vary across a wide range of forest types, grasslands/shrub 19 
communities, and with changes in forest surface composition and soils (Urbanski 2014). 20 
Concentrations of smoke components can greatly exceed national air quality standards and 21 
present a serious health risk for the exposed populations (Wegesser et al. 2009; Viswanathan et 22 
al. 2006) (see Ch. 3: Air Quality Impacts). 23 

Exposure to smoke-related air pollutants from wildfires has been associated with a wide range of 24 
human health effects, from low birth weight to early deaths, with the strongest evidence for acute 25 
respiratory illness (Holstius et al. 2012; Johnston et al. 2011; Elliott et al. 2013; Henderson et al. 26 
2011; Henderson and Johnston 2012; Stefanidou et al. 2008; Naeher et al. 2007). Inhalation of 27 
smoke from wildfire has been linked to exacerbated or newly diagnosed respiratory problems, 28 
such as shortness of breath, asthma, and chronic obstructive pulmonary disease (COPD) (Delfino 29 
et al. 2009; Rappold et al. 2011; Henderson et al. 2011). As discussed above, exposure to fine 30 
particles is strongly linked to cardiovascular illness and premature death. Wildfires can also 31 
affect indoor air quality for those living near affected areas by increasing particulate matter 32 
concentrations within homes, leading to many of the adverse health impacts already discussed 33 
(Phuleria et al. 2005; Sapkota et al. 2005). For example, during the 2007 San Diego wildfires, 34 
health monitoring showed excess emergency room visits for asthma, respiratory problems, chest 35 
pain, and COPD. During times of peak fire particulate matter concentrations, the odds of a 36 
person seeking emergency care increased by 50% when compared to non-fire conditions (Thelen 37 
et al. 2013). Smoke from wildfires can also impair driving visibility, increasing risks of motor 38 
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vehicle deaths and injuries (Ashley et al. 2014; Olsen et al. 2014; Richardson et al. 2012; Nair et 1 
al. 2012; McMeeking et al. 2006).  2 

Health impacts from wildfire smoke are significantly dependent on the severity and duration of 3 
exposure, age, general health status, cigarette smoking, socioeconomic factors (for example, 4 
income, employment status, family and social support) and pre-existing medical conditions such 5 
as asthma and COPD (Rappold et al. 2012; Sutherland et al. 2005). Pregnant women, children, 6 
and the elderly are more sensitive to the harmful health effects of wildfire smoke (Youssouf et al. 7 
2014b; Weinhold 2011; Delfino et al. 2009; Kunzli et al. 2006).  8 

Wildfires also expose emergency responders to health threats such as smoke inhalation, burns, 9 
and falling trees (Squire et al. 2011; Naeher et al. 2007; Booze et al. 2004). Wildland firefighters 10 
are exposed to significantly higher levels and longer periods of exposure to combustion products 11 
from fires, leading to health risks that include decreased lung function, inflammation, and 12 
respiratory system problems (Youssouf et al. 2014b; Leonard et al. 2007; Naeher et al. 2007). 13 
Wildfires can also create an increased burden on the health care system and public health 14 
infrastructure. For example, wildfires near populated areas often necessitate large evacuations, 15 
requiring extensive public health resources, including shelter, and treatment of individuals for 16 
injuries and smoke inhalation (Richardson et al. 2012; Knowlton et al. 2011).  17 

Housing development in or near the wildland-urban interface has expanded over the last several 18 
decades and is projected to continue to expand (Williams et al. 2013; Cova et al. 2013). These 19 
changing development patterns in combination with a changing climate is increasing these areas’ 20 
vulnerability to wildfires, with increasing exposure of houses, other structures, and people 21 
(Thomas and Butry 2014; Peters et al. 2013; Radeloff et al. 2005). Inadequate road infrastructure 22 
in the wildland-urban interface may also constrain timely evacuations and make residents more 23 
vulnerable to health effects of wildfire (Cova et al. 2013). Post-wildfire erosion and runoff has 24 
been linked to increased flooding and debris flow hazards, depending on the severity of the fire, 25 
seasonal rainfall patterns, watershed characteristics, and the size of the burn area (Moody et al. 26 
2013; Cannon and DeGraff 2009; Cannon et al. 2008; Jordan et al. 2006; Neary et al. 2003). 27 

7.8 Winter Storms and Severe Thunderstorms 28 
Winter storms and severe thunderstorms are weather events in which hazardous winds and/or 29 
precipitation are present. The primary health hazards of severe thunderstorms are from lightning, 30 
and high winds, while the principal winter storm hazards include extreme cold temperatures, 31 
frozen precipitation, and associated dangerous road and other conditions. Winter storms have 32 
increased in frequency and intensity since the 1950s, but climate change-related projections of 33 
winter storms and severe storms, including tornadoes, hail, and thunderstorms, are still uncertain 34 
(Walsh et al. 2014). Future health impacts associated with these types of storms are thus 35 
similarly uncertain and will depend on how climate change affects storm trends.  36 
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The primary direct health impacts from severe thunderstorms are deaths and injuries associated 1 
with lightning and high winds. During the period 1956 to 2006, lightning caused an estimated 2 
101 deaths per year (Ashley and Gilson 2009), while thunderstorm winds are estimated to have 3 
caused approximately 26 deaths per year from 1977 to 2007 (Black and Ashley 2010). 4 
Thunderstorm precipitation and winds can damage structures, fell trees, and create hazardous 5 
road conditions and impair driving visibility, increasing risks of motor vehicle deaths and 6 
injuries (Schmidlin 2009; Ashley et al. 2014; Ashley and Mote 2005). Thunderstorm winds 7 
cause similar injuries to those described for hurricanes in section 7.5.2, including blunt trauma 8 
and being hit by projectiles from strong winds (Goldman et al. 2014), and were responsible for 9 
an estimated 4,366 injuries during the period 1993 to 2003 (Ashley and Mote 2005). 10 

Winter storms can be accompanied by freezing winds and frigid temperatures that can cause 11 
frostbite and hypothermia (Hamidian et al. 2011; Lim and Duflou 2008). Individuals that lack 12 
proper clothing and shelter (for example, the homeless) are more at risk of injuries from direct 13 
exposure to weather conditions associated with winter storms and severe thunderstorms (Ramin 14 
and Svoboda 2009). Low-income populations are more vulnerable to the health impacts of 15 
exposure to severe winter weather conditions because they are more likely to live in low-quality, 16 
poorly insulated housing; be unable to afford sufficient domestic heating; or need to make 17 
tradeoffs between food and heating expenditures (Liddell and Morris 2010; Bhattacharya et al. 18 
2003). Freezing rain, snow, and ice have been linked to increased injuries associated with falling 19 
(Dey et al. 2010) as well as motor vehicle deaths and injuries due to treacherous road conditions 20 
and impaired driving visibility (Eisenberg and Warner 2005; Ashley et al. 2014). As noted 21 
above, power outages from winter storms and ice storms have been associated with increased 22 
carbon monoxide poisoning, in some cases leading to death (Daley et al. 2000; Iqbal et al. 2012; 23 
Lutterloh et al. 2011).  24 

Similar to hurricanes, adverse health impacts can also occur in the cleanup phase following an 25 
extreme weather event. After severe thunderstorms, individuals can suffer injuries during debris 26 
removal and cleanup activities (Fayard 2009; Ashley and Mote 2014) as well as exposure to 27 
hazards if flooding occurs (see Section 7.5.1 of this chapter). Snow removal after a winter storm 28 
can be strenuous work and can increase the likelihood of morbidity and mortality for individuals 29 
with preexisting cardiovascular or pulmonary conditions (Conlon et al. 2011).  30 

Severe thunderstorms can also cause environmental disruptions and infrastructure damage that 31 
have the potential to increase infectious disease risks (for example, West Nile virus disease) as a 32 
result of increased exposure to mosquitoes (Patz and Uejio 2008; see Ch. 4: Vectorborne 33 
Diseases). Mental health issues and stress are also possible after storms. This is especially true of 34 
thunderstorms associated with tornadoes, as the aftermath of the storm can involve dealing with 35 
the loss of property, displacement, or loss of life (Adams et al. 2014). 36 
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7.9 Emerging Issues 1 
Climate change and changing patterns of extreme weather have the potential to strain the 2 
capacity of public health systems. However, this is still an emerging area of research, with few 3 
comprehensive or systematic studies examining the human health impacts of such health-system 4 
strain (Bowles et al. 2014). Particularly in the context of floods and hurricanes, the impacts on 5 
health systems from short- and long-term population displacement are not fully understood or 6 
well quantified. In addition, the role of future population migration and demographic changes is 7 
just beginning to be elucidated in assessments of local adaptive capacity or resilience to the 8 
effects of future extreme events. 9 

Tornadoes, which cause significant infrastructure damage and significant health impacts, are 10 
another area of active investigation with no clear projected impacts associated with climate 11 
change. Methodological challenges remain for accurately quantifying and attributing delayed 12 
mortality associated with, but not caused directly by, extreme event exposure—for example, 13 
elevated mortality associated with heart disease, cancer, diabetes, and infections and other 14 
complications from injuries in populations exposed to hurricanes (Senkbeil et al. 2011; 15 
McKinney et al. 2011). 16 

7.10 Research Needs 17 
Health professionals and scientists have long recognized that there are links between extreme 18 
events and human health. However, research is needed to determine accurate definitions of what 19 
constitutes adverse health impacts from an extreme event for improved surveillance and better 20 
evaluation of associated costs. Such definitions should also examine short- and long-term health 21 
outcomes based on risk factors for exposure, vulnerability of different populations, and adaptive 22 
capacity. Research is also required to better understand the complexity of the various 23 
relationships between human health and extreme events, as secondary and tertiary outcomes are 24 
likely underreported (such as those related to drought). Such research is critical for accurately 25 
identifying the associated risk of extreme events and developing better adaptation strategies. 26 

  27 

  28 
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7.11 Traceable Accounts 1 

Process for developing key findings 2 
The key messages were developed by the lead authors over a four month period from August 3 
2014 through December 2014, through email communication and phone conference calls. The 4 
messages were developed based on peer-reviewed papers gathered in the course of a literature 5 
review conducted by NIEHS, as well as additional literature and comments provided by the 6 
chapter authors, public comments received either in written form or at a Public Forum on March 7 
13, 2014, and comments received during all-authors webinars and workshops. An author team 8 
email exchange including contributing authors was dedicated to key messages in January 2015. 9 
Refinement of the key messages continued over the period of January to March 2015. 10 

Changes in Exposure Risk  11 

Key Finding 1: Climate change may increase exposure to health hazards associated with 12 
projected increases in the frequency and/or intensity of extreme precipitation, hurricanes, coastal 13 
inundation, drought, and wildfires in some regions of the United States [Medium Confidence]. 14 
Adverse health outcomes associated with exposure to extreme events include death, injury, or 15 
illness; exacerbation of underlying medical conditions; and adverse effects on mental health. 16 

Description of evidence base 17 
The Third National Climate Assessment (NCA) (Melillo et al. 2014) provides the most recent, 18 
peer-reviewed assessment conclusions for projected increases in the frequency and/or intensity 19 
of extreme precipitation, hurricanes, coastal inundation, drought, and wildfires in the United 20 
States. To the extent that these extreme events are projected to increase in some regions of the 21 
United States, people are expected to be at greater risk of exposure to health hazards.  22 

Flooding associated with extreme precipitation, hurricanes, and coastal storms is expected to 23 
increase in some regions of the United States due to climate change, increasing exposure to a 24 
variety of health hazards (Luber et al. 2014; Lowe et al. 2013; Frumkin et al. 2008). The health 25 
impacts of floods and storms include death, injury, or illness; exacerbation of underlying medical 26 
conditions; and adverse effects on mental health (Lane et al. 2013; Alderman et al. 2012; Du et 27 
al. 2010; McKinney et al. 2011; Kleinpeter 2011; Arrieta et al. 2009; Anderson et al. 2009; 28 
Goldman et al. 2014). 29 

Climate change is projected to lengthen or intensify droughts, especially in the Southwest 30 
(Garfin et al. 2014), which may increase exposure to a broad set of health hazards in these areas 31 
(Luber et al. 2014; Frumkin et al. 2008). The potential health impacts of drought include: 1) 32 
illness associated with reduced water quality and quantity (Olds et al. 2011; Zwolsman and van 33 
Bokhoven 2007; van Vlieta and Zwolsman 2008; Delpla et al. 2009; Whitehead et al. 2009) and 34 
reduced air quality (Peterson et al. 2014; Munson et al. 2011; Neu and Prather 2012; CDC 35 
2010a); 2) associations with increased rates of some infectious diseases (Epstein and Defilippo 36 
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2001; Johnson and Sukhdeo 2013; Shaman et al. 2010; Wang et al. 2010; Landesman et al. 1 
2007); and 3) adverse mental health impacts (Stanke et al. 2013; Fritze et al. 2008; Obrien 2014; 2 
Carnie et al. 2011; Hanigan et al. 2012). 3 

Large, intense wildfires will occur more frequently in some regions of the United States, 4 
particularly in the western United States and Alaska (Melillo et al. 2014; Williams et al. 2010; 5 
Bowman et al. 2009; Keane et al. 2009; Littell et al. 2009), which is expected to increase 6 
exposure to wildfire-related health risks (Garfin et al. 2014; Luber et al. 2014). The health 7 
impacts of wildfire include death, injury, or illness (Holstius et al. 2012; Johnston et al. 2011; 8 
Elliott et al. 2013; Henderson et al. 2011; Henderson and Johnston 2012; Stefanidou et al. 2008; 9 
Naeher et al. 2007; Ashley et al. 2014; Olsen et al. 2014; Richardson et al. 2012; Nair et al. 2012; 10 
McMeeking et al. 2006; Squire et al. 2011; Booze et al. 2004; Youssouf et al. 2014b; Leonard et 11 
al. 2007), including exacerbation of underlying medical conditions (Delfino et al. 2009; Rappold 12 
et al. 2011; Henderson et al. 2011). 13 

Major uncertainties  14 
The role of climate change in observed shifts in and future projections of the frequency, 15 
intensity, and duration of certain extreme events is an ongoing, active area of research. For 16 
example, although the NCA (Melillo et al. 2014) concluded that extreme precipitation, 17 
hurricanes, coastal inundation, drought, and wildfires will increase in some regions of the United 18 
States, uncertainties remain with respect to projecting climate impacts at smaller, more local 19 
scales and the timing of such impacts. Climate change-related projections of winter storms and 20 
severe storms, including tornadoes, hail, and thunderstorms, are still uncertain (Walsh et al. 21 
2014).  22 

The human health implications of the changes in extreme events have not received as much 23 
research attention to date, and there are currently no published, national-scale, quantitative 24 
projections of changes in exposure risks for the four categories of extreme events addressed in 25 
this chapter. Relevant health surveillance and epidemiological data for extreme events are 26 
limited by underreporting, underestimation, and lack of a common definition of what constitutes 27 
an adverse health impact from an extreme event. For drought in particular, there are few studies 28 
documenting specific health consequences in the United States (Whitehead et al. 2009). 29 
Challenges to quantitatively estimating future human health risks for the four types of extreme 30 
events addressed in this chapter include limited data availability and lack of comprehensive 31 
modeling methods. For winter storms and severe storms especially, scientists first need a better 32 
understanding of how climate change will affect future storm trends before they can make any 33 
projections of future health impacts.  34 

Assessment of confidence based on evidence 35 
Based on the evidence presented in the peer-reviewed literature, there is medium confidence 36 
regarding increases in exposure to health hazards associated with projected increases in the 37 
frequency and/or intensity of extreme precipitation, hurricanes, coastal inundation, drought, and 38 
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wildfires in some regions of the United States. Many qualitative studies have been published 1 
about the potential or expected health hazards from these events (noted above), but few draw 2 
strong or definitive conclusions that exposure to health hazards will increase due to climate 3 
change. Thus, the evidence is suggestive and supports a medium confidence level that to the 4 
extent that these extreme events are projected to increase in some regions of the United States, 5 
people are expected to be at greater risk of exposure to health hazards. There is no quantitative 6 
information on which to base probability estimates of the likelihood of increasing exposure to 7 
health hazards associated with extreme precipitation, hurricanes, coastal inundation, drought, and 8 
wildfires. 9 

Other Factors Influence Health Impacts 10 

Key Finding 2: The character and severity of health impacts from extreme events depend not 11 
only on the frequency or intensity of the extremes themselves but also on a population’s 12 
exposure, sensitivity, and adaptive capacity. Many types of extreme events can cause loss of 13 
essential infrastructure (such as water, transportation, and power systems) required to safeguard 14 
human health. [High Confidence] 15 

Description of evidence base 16 
The frequency, intensity, and duration of extreme events determines their physical impacts on 17 
human health. But these physical impacts can be more or less harmful depending on the 18 
underlying vulnerability of the affected people and communities (IPCC 2012). The three 19 
elements of vulnerability—exposure, sensitivity, and adaptive capacity—combine to determine a 20 
population’s propensity or predisposition to be adversely affected by climate-related health 21 
effects. A more exposed population has a higher likelihood of being in the location where the 22 
physical impacts of extreme events are occurring (Gaillard et al. 2014; Melillo et al. 2014; 23 
Kirshen et al. 2008; IPCC 2012). A more sensitive population has biological characteristics or 24 
underlying medical conditions that make them more susceptible to climate-related health effects 25 
(Aldrich and Benson 2008; Penner and Wachsmuth 2008; Frumkin et al. 2008; Keppel 2007). A 26 
population with higher adaptive capacity is better able to prepare for, respond to, and recover 27 
from an extreme event than a population with low adaptive capacity (Lane et al. 2013; Penner 28 
and Wachsmuth 2008; Kovats and Hajat 2008; Masozera et al. 2007; Keim 2008; IPCC 2012; 29 
Frumkin et al. 2008; Brouwer et al. 2007; Thomalla 2006; Tapsell et al. 2002; Collins et al. 30 
2013; Hawe and Shiell 2000; Keppel 2007; Srinivasan et al. 2003; Bashir 2002; Hawe and Shiell 31 
2000). 32 

Infrastructure is another factor that can either exacerbate or moderate the physical impacts of 33 
extreme events, influencing the ultimate character and severity of health impacts. Projections of 34 
increasing frequency and/or intensity of some extreme events pose threats to essential 35 
infrastructure such as water, transportation, and power systems (Klinger et al. 2014; IPCC 2012; 36 
Dell et al. 2014; Cutter et al. 2014). Damage to or loss of essential infrastructure and services 37 
after extreme events can increase population exposure to health hazards and reduce their 38 
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adaptive capacity (IPCC 2012). Serious health risks can arise from utility outages; infrastructure 1 
and housing damage; and disruption or loss of access to sanitation, safe food and water supplies, 2 
health care, communication, and transportation (Lane et al. 2013; Alderman et al. 2012; Senkbeil 3 
et al. 2011; McKinney et al. 2011; Anderson and Bell 2012; Lin et al. 2011; Goldman et al. 4 
2014; Lane et al. 2013; McKinney et al. 2011; Daley et al. 2000; Iqbal et al. 2012; Lutterloh et 5 
al. 2011; Klinger et al. 2014; Skinner et al. 2009; Schulte and Chun 2009; Kleinpeter 2011; 6 
Arrieta et al. 2009; Anderson et al. 2009; Laditka et al. 2008; Du et al. 2010). 7 

Major uncertainties 8 
Uncertainties remain with respect to projecting how climate change will affect the severity of the 9 
physical impacts of extreme events at smaller, more local scales and the timing of such impacts. 10 
Understanding how exposure, sensitivity, and adaptive capacity change over time and location 11 
for specific individuals, communities, and populations of concern is also challenging, 12 
particularly across long time frames (such as in the year 2100). A population’s exposure and 13 
adaptive capacity may vary depending on location, policies, procedures, and disaster mitigation 14 
plans put into practice before an extreme event occurs. Current and future decisions by 15 
individuals, communities, and governments will also influence exposure, sensitivity, and 16 
adaptive capacity to the health impacts of extreme events. The extent to which these behavioral 17 
and sociopolitical factors affect vulnerability is not well understood, and they are not readily 18 
amenable to measurement, quantification, or modeling. There are currently no published 19 
modeling methodologies to date that comprehensively incorporate considerations of a 20 
population’s underlying vulnerability when attempting to project impacts of climate change on 21 
health. 22 

Assessment of confidence based on evidence 23 
Based on the evidence presented in the peer-reviewed literature, there is high confidence that a 24 
population’s exposure, sensitivity, and adaptive capacity influence the ultimate character and 25 
severity of health impacts from an extreme event in addition to the physical impacts of the event 26 
itself. There is also high confidence that many types of extreme events can cause loss of essential 27 
infrastructure (such as water, transportation, and power systems), and that damage to or loss of 28 
these systems can adversely affect human health. Many qualitative studies have been published 29 
about the effects of these factors on health impacts from an extreme event (noted above), and the 30 
evidence is of good quality and consistent. 31 

Certain Populations Are More Vulnerable. 32 

Key Finding 3: Key risk factors that individually and collectively shape a population’s 33 
vulnerability to health impacts from extreme events include age, health status, socioeconomic 34 
status, race/ethnicity, and occupation. [High Confidence] 35 

  36 
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Description of evidence base: 1 
Across the various types of extreme events, certain populations are consistently more vulnerable 2 
to adverse health impacts. Poverty is a key risk factor and reduces a population’s resilience to 3 
health impacts; those with higher income possess a much higher level of resilience and 4 
availability of resources to increase their adaptive capacity (IPCC 2012; Grineski et al. 2011; 5 
Frumkin et al. 2008; Brouwer et al. 2007; Thomalla 2006; Tapsell et al. 2002; Srinivasan et al. 6 
2003; Bashir 2002; Hawe and Shiell 2000; Masozera et al. 2007; Keim 2008). Existing health 7 
disparities among some minority and low-income populations are frequently exacerbated during 8 
extreme events (Collins et al. 2013; Hawe and Shiell 2000; Weinhold 2011). 9 

Other populations considered especially vulnerable to the health impacts of power outages and 10 
other hazards associated with floods, hurricanes, and winter storms include older adults 11 
(especially those who are frail, medically incapacitated, or residing in nursing or assisted living 12 
facilities), young children, those reliant on electrically powered medical equipment like 13 
ventilators and oxygen, those with pre-existing health conditions, and those with disabilities or 14 
functional limitations (Klinger et al. 2014; Lane et al. 2013; Anderson and Bell 2012; Kleinpeter 15 
2011; Laditka et al. 2008; Ramin and Svoboda 2009; Liddell and Morris 2010; Bhattacharya et 16 
al. 2003; Penner and Wachsmuth 2008; Kovats and Hajat 2008). Extreme events pose many 17 
health risks to emergency workers (Schulte and Chun 2009) and other occupations such as 18 
wildland firefighters (Squire et al. 2011; Naeher et al. 2007; Booze et al. 2004; Youssouf et al. 19 
2014b; Weinhold 2011; Delfino et al. 2009; Kunzli et al. 2006). 20 

Major uncertainties 21 
There are various ways in which these key risk factors interact with and contribute to the 22 
vulnerability (that is, the exposure, sensitivity, and adaptive capacity) of a population. Some 23 
uncertainties remain regarding the relative importance of each of these factors in determining a 24 
population’s vulnerability to health impacts from extreme events. In addition, there is some 25 
uncertainty regarding how future demographic and population shifts may affect the relative 26 
importance of each of these factors. 27 

Assessment of confidence based on evidence 28 
Based on the evidence presented in the peer-reviewed literature, there is high confidence that 29 
age, health status, socioeconomic status, race/ethnicity, and occupation are key risk factors that 30 
individually and collectively shape a population’s vulnerability to health impacts from extreme 31 
events. Many qualitative studies have been published regarding how these key risk factors 32 
interact with and contribute to the exposure, sensitivity, and adaptive capacity of a population 33 
(noted above), and the evidence is of good quality and consistent. 34 

  35 
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7.13 Figures 1 

Figure 1.  Estimated Deaths and Billion Dollar Losses from Extreme Events in the United 2 
States 2004-2013 3 

 4 

Caption: This figure provides 10-year estimates of fatalities related to extreme events 5 
from 2004-2013 (NOAA 2015), as well as estimated economic damages from a few 6 
weather and climate disaster events with losses exceeding $1 billion (see Smith and Katz 7 
2013 to understand how total losses were calculated). These statistics are indicative of the 8 
human and economic costs of extreme weather events over this time period. Climate 9 
change will impact the frequency, intensity and geographic distribution of some of these 10 
extremes (Melillo et al. 2014), which has consequences for people's exposure to health 11 
risks from extreme events. Trends and future projections for some extremes, including 12 
tornadoes, lightning, and wind storms are still uncertain. 13 

   14 
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Figure 2. Climate Change and Health--Flooding 1 

 2 

Caption: Conceptual diagram illustrating the exposure pathways by which climate 3 
change influences human health and flooding. The central blue pathway includes selected 4 
examples of climate drivers, the pathways by which humans are exposed to health threats 5 
from those drivers, and the resulting health outcomes. The orange path to the left 6 
indicates selected examples of factors that are not aspects of climate change but that can 7 
affect human vulnerability to health impacts of climate change. The green path to the 8 
right indicates additional risk factors that may increase human vulnerability to health 9 
impacts of flooding.  10 
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Figure 3. Hurricane-induced Flood Effects in Eastern and Central United States. 1 

 2 

Caption: Composite map of maximum flood peaks associated with landfalling hurricanes 3 
over the past 31 years, based on stream gauge data. Hurricanes are an important 4 
contributor to flooding in the eastern as well as large areas of the central United States. 5 
Land use/land cover properties and soil moisture conditions are also important factors 6 
determinants of flooding.  (Figure source: adapted from Villarini et al. 2014) 7 
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Figure 4. Photomicrograph of the Environmental Form of Coccidioides, the Fungus that 1 
Causes Valley Fever 2 

 3 

 4 

 5 

  6 

 7 

(Photo credit: Centers for Disease Control and Prevention) 8 
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8.1 Key Findings 1 

Mental Health Consequences of Exposure to Disasters 2 

Key Finding 1: Many people exposed to climate-related disasters experience stress and serious 3 
mental health consequences. Depending on the type of the disaster, these serious mental health 4 
consequences include significant symptoms of post-traumatic stress disorder (PTSD), depression, 5 
and general anxiety, which often occur at the same time. The majority of affected people recover 6 
over time on their own, although a significant proportion of exposed individuals develop chronic 7 
levels of psychological dysfunction. [Very High Confidence] 8 

Specific Groups of People Are at Higher Risk 9 

Key Finding 2: Specific groups of people are at higher risk for distress following climate-related 10 
events. These groups include children, the elderly, and women (especially pregnant and post-11 
partum women), people with pre-existing mental illness, low-income persons, first-responders, 12 
and people who are homeless. Communities that rely on the natural environment for sustenance 13 
and livelihood and populations living in areas most susceptible to specific climate change events 14 
are at increased risk for adverse mental health outcomes. [High Confidence] 15 

The Threat of Climate Change 16 

Key Finding 3: The threat of climate change, the perceived direct experience of climate change, 17 
and changes to one’s local environment can result in substantial adverse mental health outcomes 18 
and social impacts for the American public. Virtually all Americans are exposed to the threat of 19 
climate change and to events attributed to the impacts of climate change through frequent multi-20 
media coverage. [High Confidence] 21 

Extreme Heat May Increase Risks for People with Mental Illness 22 

Key Finding 4: People with mental illness, especially those who take certain prescription 23 
medications to treat their illnesses, are at higher risk for poor physical and mental health due to 24 
extreme heat. Increases in extreme heat will have an impact on the incidence of disease and death 25 
of people with mental illness. Significant segments of people with mental illnesses who are most 26 
vulnerable to extreme heat, such as the elderly, are also taking medication that impairs the body’s 27 
ability to regulate heat and therefore have increased vulnerability to the effects of heat. [Very 28 
High Confidence] 29 

8.2 Introduction 30 
The effects of global climate change on mental health and well-being are an integral part of the 31 
overall climate-related human health impacts. Mental health consequences of climate change 32 
range from minimal stress and distress symptoms to clinical disorders (such as anxiety, 33 
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depression, post-traumatic stress, and suicidality) and from interpersonal violence to group 1 
conflict (ISSC and UNESCO 2013; Doherty and Clayton 2011; Doherty 2014; Clayton et al. 2 
2014). They also include effects on the everyday life, perceptions, and experience of individuals 3 
and communities attempting to understand and respond appropriately to climate change and its 4 
implications (ISSC and UNESCO 2013; Schmidt et al. 2013; Smith and Joffe 2013). 5 

Anything that affects human health and welfare has the potential to impact mental health and 6 
well-being. Therefore, the adverse mental health impacts of climate change are likely to be wide-7 
ranging, stressful, and cumulative. The social and mental health consequences of climate-related 8 
events have been the focus of research for more than three decades (Chen et al. 1983; Stern 9 
1992; ISSC and UNESCO 2013; Clayton et al. 2014; Doherty 2014; Swim et al. 2011). This 10 
research demonstrates that the mental health and well-being consequences of climate-related 11 
events, particularly natural disasters, are common and form a significant part of the overall 12 
effects on health. 13 

The mental health consequences of climate change related impacts rarely occur in isolation, but 14 
often interact with each other. The threat of climate change is a key psychological and emotional 15 
stressor in and of itself. Individuals and communities are affected both by direct experience of 16 
local events attributed to climate change, and by exposure to information regarding climate 17 
change and its effects (Devine-Wright 2013; Leiserowitz et al. 2012, 2013; Fresque-Baxter and 18 
Armitage 2012; Reser et al. 2014). For example, public communication and media messages 19 
about climate change can affect perceptions of physical and societal risks and projected 20 
consequences and consequently affect mental health and well-being. The interactive and 21 
cumulative nature of effects on health, mental health, and well-being are critical factors in 22 
understanding the overall consequences of climate change on human health. 23 

 [Figure 1. Climate Change and Mental Health.] 24 

8.3 Effects of Climate Change on Mental Health and Well-being 25 
The cumulative effects of extreme weather events, gradual climate change, and the threat and 26 
perception of climate change all result in potential damages to individual and societal health, 27 
mental health, and well-being. The following figure illustrates how climate change impacts 28 
create cascading and inter-related mental, physical, and community health effects. 29 

[Figure 2: The Impact of Climate Change on Physical, Mental, and Community Health.] 30 

Extreme Weather Events 31 
In the United States, the mental health impacts of extreme weather mainly have been studied in 32 
response to hurricanes and floods (Bei et al. 2013; Galea et al. 2008; Kessler et al. 2008; La 33 
Greca et al. 2010, 2013; Lowe et al. 2013a; Norris et al. 2010; Pietrzak et al. 2012) and, to a 34 
lesser extent, wildfires (Maida et al. 1989; Marshall et al. 2007; Jones et al. 2002; Langley and 35 
Jones 2005). Many people exposed to climate-related natural disasters experience stress reactions 36 
and serious mental health consequences, including significant symptoms of post-traumatic stress 37 
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disorder (PTSD), depression, and general anxiety, which often occur simultaneously (Lai et al. 1 
2013; Ruggiero	et al. 2012; Sastry and VanLandingham 2009; Scheeringa and Zeanah 2008; 2 
Tracy et al. 2011). 3 

Mental health effects include grief/bereavement, increased substance use or misuse, and suicidal 4 
ideation (Kessler et al. 2008; Lowe and Rhodes 2013; North et al. 2011; Osofsky et al. 2011; 5 
Rohrbach et al. 2009). All of these reactions have the potential to interfere with the individual’s 6 
functioning and well-being, and are especially problematic for certain groups, such as children, 7 
women, the elderly, disaster relief workers/emergency responders, and those with preexisting 8 
medical and mental health problems. 9 

PTSD is most often observed among individuals who are directly exposed to life-threatening 10 
events, including highly destructive disasters such as severe hurricanes (Boscarino et al. 2014; 11 
Ehrlich et al. 2010; Galea et al. 2008; Garrison et al. 1995; La Greca et al. 1996, 2010; Lai et al. 12 
2013; Norris et al. 2010; Osofsky et al. 2009; Paul et al. 2014; Pietrzak et al. 2013).   13 

Highly destructive hurricanes – such as Hurricane Katrina in 2005 – have been associated with 14 
acute stress and PTSD, domestic violence, and higher rates of depression and suicide in affected 15 
communities (Harville et al. 2009; Roberts and Kelly 2008). These mental health consequences 16 
are of particular concern for people facing recurrent disasters, posing a cumulative psychological 17 
toll. Following Katrina, veterans with preexisting mental illness were at 6.8 times greater risk for 18 
developing any additional mental illness, compared to those veterans without a preexisting 19 
mental illness (Sullivan et al. 2013). Following the Florida hurricanes in 2004, increased levels 20 
of PTSD were also experienced by individuals who perceived members of their community as 21 
being less supportive or helpful to one another (Ursano et al. 2014).  22 

Depression and general anxiety are also common consequences of climate-related disaster events 23 
that involve a loss of life, resources, or social support and social networks, or events that involve 24 
extensive relocation and life disruption (Boscarino et al. 2013, 2014; Felton et al. 2013; Galea et 25 
al. 2007; La Greca et al. 2010, 2013; Lai et al. 2013; Norris et al. 2010; Osofsky et al. 2011; Paul 26 
et al. 2014; Pina et al. 2008; Ruggerio et al. 2012; Scheeringa and Zeanah 2008; Weems and 27 
Graham 2014; Silove and Steel 2006). For example, long-term anxiety and depression, as well as 28 
PTSD, and increased aggression (in children) have been found to be associated with floods 29 
(Ahern et al. 2005). Adults working as first responders following a disaster also experience 30 
increased rates of anxiety and depression (Osofsky et al. 2011). 31 

After extreme weather events, there are increases in interpersonal violence (Wenden 2011).  32 
Increases in high-risk coping behaviors, such as alcohol abuse, and intimate partner violence 33 
toward women have been observed in the wake of climate-related disasters (North et al. 2011; 34 
Osofsky et al. 2011; Rohrbach et al. 2009; Williams et al. 2014; Beaudoin 2011; Harville et al. 35 
2011). 36 
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Among people who are directly affected by a climate-related disaster, there is an increased 1 
incidence of suicidal behaviors. In the six months following 1992’s Hurricane Andrew, the rate 2 
of homicide-suicides doubled in Miami-Dade County, where the hurricane hit, compared to the 3 
prior five-year period that did not include hurricane activity of the same scale (Lew and Wetli 4 
1996). Further, a study done 18 months after Hurricane Katrina found an increase in both 5 
suicidal thoughts (from 2.8% to 6.4%) and actual suicidal plans (from 1.0% to 2.5%) (Kessler et 6 
al. 2008). 7 

Though many of the studies and examples provided above describe the mental health impacts of 8 
specific historical events, they are demonstrative of the types of mental health issues that could 9 
arise as climate change leads to further increases in the frequency, severity, or duration of some 10 
types of extreme weather (see Ch. 1: Introduction and Ch. 7: Extreme Weather). As a result, the 11 
mental health impacts of these events, such as hurricanes, floods, and drought, can be expected to 12 
increase as more people experience the stress—and often trauma—of these disasters. When 13 
climate-related disasters strike highly populated areas, the number of individuals with severe 14 
stress and mental health reactions may be in the many thousands, putting a strain on the 15 
availability of resources to provide adequate mental (or even immediate physical) health care. 16 
Communities adversely affected by these events also have diminished interpersonal and social 17 
networks available to support mental health needs and recovery due to the destruction and 18 
disruption caused by the event.  19 

Drought, unlike sudden extreme weather events, has a slow onset and long duration. Drought 20 
interacts over time with multiple other environmental and social stressors to disrupt lives and 21 
livelihoods and the functioning of individuals, households, and communities (Dai 2011; Evans 22 
and Lepore 2008; Weissbecker 2011). Prolonged drought can have visible and long-term impacts 23 
on landscapes, on rural agricultural industries and communities, and on individual and 24 
community resilience (Albrecht et al. 2007; Sartore et al. 2008; Seery et al. 2010). 25 

Although the United States has experienced drought across many western and southwestern 26 
states (NOAA 2013), the effects of drought on health, mental health, and well-being are largely 27 
under-reported and under-documented in the United States. However, Australian studies reveal 28 
increases in levels of drought-related worry and psychological distress in drought-declared 29 
regions, particularly for those experiencing loss of livelihood and industry. Studies document the 30 
cascading and interacting economic, social, and daily life circumstances that accompany 31 
prolonged drought in rural regions (Dean and Stain 2010; Hanigan et al. 2012; OBrien et al. 32 
2014; Sartore et al.2008; Stain et al. 2011). Drought may be linked to increased incidence of 33 
suicide among male farmers (Hanigan et al. 2012; Miller and Burns 2008; Guiney 2012). 34 

Gradual Climate Change 35 
Many environmental changes linked to incremental climate change (as opposed to extreme 36 
weather events) have direct physical health effects, which can activate, worsen, or interact with 37 
psychological impacts (Clayton et al. 2014; Swim et al. 2011; Doherty and Clayton 2011).  38 
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Increasing global temperatures and poorer air quality can result in complex mental health 1 
consequences because harmful exposure can vary from person to person depending on 2 
preexisting vulnerabilities. The science on mental health impacts from ongoing and cumulative 3 
climate change is still emerging and is less robust than the mental health research relating to 4 
extreme weather events. The strongest mental health linkages are associated with exposures to 5 
rising temperatures, whereas linkages related to exposures to poor air quality, infectious disease 6 
vectors, and non-potable water are still emerging. Nevertheless, there is steadily accumulating 7 
evidence documenting important associations between more gradual physical environmental 8 
impacts due to climate change and adverse mental health and well-being impacts. Consequential 9 
environmental changes such as sea level rise have the potential to affect mental health and well-10 
being for coastal communities around the world, including some of the world’s largest 11 
population centers. Waterborne, vectorborne, and foodborne illnesses and asthma related to poor 12 
air quality and high temperatures all result in negative impacts on health, mental health and well-13 
being for the family, work, school, and social life of those who become ill. 14 

Extreme Heat 15 
Most people in the United States live in cities, and urbanization is expected to increase in the 16 
future. People in cities may experience greater exposure to heat-related health effects during heat 17 
waves (see Ch. 2: Extreme Temperatures). The interplay of mental health and extreme heat 18 
results in increased incidences of disease and death, aggressive behavior, violence, suicide, and 19 
psychiatric hospital admissions (Anderson 2011; Hansen et al. 2008; Martin-Latry et al. 2007; 20 
Hsiang et al. 2013; Page et al. 2012; Ranson 2014; Wang et al. 2014; Vida et al 2012). 21 

Individuals with mental illness are especially vulnerable to extreme heat or heat waves. In six 22 
case-control studies involving 1,065 heat wave–related deaths, pre-existing mental illness was 23 
found to triple the risk of death due to heat wave exposure (Bouchama et al. 2007). The risk of 24 
death also increases during hot weather for patients with psychosis, dementia, and substance 25 
misuse (Page et al. 2012). Hospital admissions have been shown to increase for those with 26 
mental illness as a result of extreme heat, increasing ambient temperatures, and humidity (Wang 27 
2014; Vida et al. 2012; Hansen et al. 2008). An increased death rate has also been observed in 28 
those with mental illness among the cases admitted to the emergency department with a 29 
diagnosis of heat-related pathology (Martin-Latry et al. 2007). 30 

People who are isolated and have difficulty caring for themselves, often characteristics of the 31 
elderly or those with a mental illness, are also at higher risk for heat-related incidence of disease 32 
and death (Bouchama et al. 2007; Vida et al. 2012). Fewer opportunities for social interaction 33 
and increased isolation put people at elevated risk for not only heat-related illness and death but 34 
also decline in mental health and, in some cases, increases in aggression and violence (Clayton et 35 
al. 2014). Hotter temperatures and poorer air quality limit people’s outdoor activities. For many, 36 
reductions in outdoor exercise and stress-reducing activities leads to worsened physical health, 37 
increased stress, and poor mental health (Clayton et al. 2014). 38 
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Research linking extreme heat (climate-change related or otherwise) to increasing violence, 1 
aggressive motives and/or aggressive behavior has been well-documented (Anderson et al. 2 
1997). Hotter cities have higher rates of violence, with increasing temperatures associated with 3 
parallel increases in violence for specific geographic areas (Anderson 2011). The frequency of 4 
interpersonal violence and intergroup conflict rises as the climate moves toward warmer 5 
temperatures or more extreme rainfall (Hsiang et al. 2013). 6 

Given projections of continued climate warming, there is potential for a significant increase in 7 
human conflict (Hsiang et al. 2013). This includes heightened aggression, which may result in 8 
increased interpersonal violence and violent crime, negatively impacting individual and societal 9 
mental health and well-being (Ranson 2014). The frequency of interpersonal violence and 10 
intergroup conflict rises as the climate moves toward warmer temperatures or more extreme 11 
rainfall (Hsiang et al. 2013). 12 

Vectorborne Illness 13 
The complex relationship between climate change and vectorborne illnesses is discussed in 14 
Chapter 4. Individuals infected with either West Nile Virus (WNV) or Lyme disease may 15 
experience a range of mental health consequences following infection that can include reduced 16 
cognitive function as well depression associated with other symptoms, such as fatigue, pain, and 17 
muscle and joint aches. These mental health symptoms can last for months but usually resolve 18 
over time.  19 

Clinical depression has been observed in patients who have West Nile Virus (Nolan et al. 2012; 20 
Berg et al. 2010). In a long-term observational study, 35% of participants were found to have 21 
new-onset depression. Those with the neuroinvasive (more severe) forms of WNV are at greater 22 
risk for depression between 13 to 18 months post infection (Nolan et al. 2012).  23 

As Lyme disease spreads into new areas, delays in diagnosis and treatment may occur due to the 24 
lack of familiarity with the disease. The delay in treatment can contribute to more serious health 25 
outcomes and the possibility of persistent and more difficult-to-treat symptoms (Steere et al. 26 
2004).  People who are left with limited mobility as a result of WNV infection can experience 27 
long-term mental health impacts (Nolan et al. 2012). Patient experiences, such as undergoing an 28 
extended treatment process or experiencing stress in family or work life due to a lingering 29 
illness, can result in mental health consequences.  30 

Threat of Climate Change as a Key Stressor 31 
Most Americans and residents of today’s developed world are routinely exposed to images, 32 
headlines, and risk messages about the threat of current and projected climate change. The threat 33 
includes the potential to alter the condition of the planet for many generations, with appreciable 34 
and irreversible costs to other species, whole ecosystems, and human societies. 35 

Noteworthy environmental changes associated with climate change constitute a powerful 36 
environmental stressor—an ongoing and stress-inducing condition or aspect of an individual’s 37 
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everyday environment (Aldwin and Stokols 1988; Bell et al. 2001; Evans and Lepore 2008).  1 
Significant changes to one’s local, natural environment and its seasons are disquieting and 2 
concerning, as are projections that some acute and chronic extreme weather events will be more 3 
frequent, intense, and destructive. Equally concerning are adverse impacts relating to people’s 4 
connections to place and identity, and consequent sense of loss and disconnection (Devine-5 
Wright 2013). 6 

Public risk perceptions of the phenomenon and threat of climate change is associated with 7 
stigma, dread risk (such as a heightened fear of low-probability, high-consequence events), and 8 
uncertainty about the future. (Leiserowitz 2006; Lorenzoni et al. 2006; Loewenstein et al. 2001; 9 
Slovic 2000, 2010; Smith et al. 2009; ISSC and UNESCO 2013; Lever-Tracy 2010; Smith and 10 
Joffe 2013; Swim et al. 2011; Weissbecker 2011). 11 

Research evaluating responses to the hybrid risk (categories of risk that are part natural and part 12 
human-caused) of climate change reveals that many individuals experience a range of adverse 13 
psychological responses. These reactions include heightened risk perceptions, preoccupation, 14 
general anxiety, pessimism, helplessness, eroded sense of self and collective control, stress, 15 
distress, sadness, loss, and guilt (Agho et al. 2010; Clayton et al. 2014; Doherty and Clayton 16 
2011; Doherty 2014; Fritze et al. 2008; Reser et al. 2012a,b; Searle and Gow 2010; Ferguson and 17 
Branscombe 2010). 18 

Media portrayals of serious environmental risks, such as climate change, are thought to elicit 19 
strong emotional responses (Nabi and Wirth 2008; Smith and Joffe 2013). The threat of climate 20 
change is evidenced through frequent mention in media coverage, increasingly visible changes in 21 
local environments and seasonal patterns, and in the frequency, magnitude, and intensity of 22 
extreme weather events. Furthermore, 39% of national survey respondents in North America and 23 
45% in Australia report direct personal encounters with environmental changes or events they 24 
deemed to be manifestations of climate change (Leiserowitz et al. 2013; Reser et al. 2014). 25 
While accurate risk information dissemination can result in adaptive and preventive individual 26 
and collective action, the matter of virtual exposure to climate change through extensive and 27 
often indiscriminate or sensationalized multi-media coverage is of concern (Clayton et al. 2014; 28 
Doherty 2014; Gow 2009; Marshall 2009). 29 

Resilience and Recovery 30 
Research on individual resilience and recovery shows that a majority of individuals 31 
psychologically affected by a traumatic event (such as a climate-related disaster) will recover 32 
over time (Bonanno 2004). A set of positive changes which can occur in a person as a result of 33 
coping with or experiencing a traumatic event is called post-traumatic growth (Shakespeare-34 
Finch et al. 2003; Tedeschi and Calhoun1996; Lowe et al. 2013b; Taku et al. 2008). 35 

Additionally, there is emerging evidence that individuals who are actively involved in climate 36 
change adaptation or mitigation experience appreciable health and well-being benefit from such 37 
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engagement. These multiple psychological and environmental benefits do not necessarily 1 
minimize distress. However, evidence suggests that when people have distress related to relevant 2 
media exposure or to thinking about or discussing climate change, taking action to address the 3 
issue can heighten their resolve. Such engagement both addresses the threat, and helps manage 4 
the emotional responses as people come to terms with, and adjust their understandings and lives, 5 
in the context of climate change (Bradley et al. 2014; Reser et al. 2012b). 6 

While most people who are exposed to a traumatic event can be expected to recover over time, a 7 
significant proportion (up to 20%) of individuals directly exposed develop chronic levels of 8 
psychological dysfunction, which may not get better or resolve (Kronenberg et al. 2010; La 9 
Greca et al. 2013; Lowe and Rhodes 2013; Mills et al. 2012; Pietrzak et al. 2013; Self-Brown et 10 
al. 2013; Wadsworth et al. 2009; Weems and Graham 2014). Multiple risk factors contribute to 11 
these adverse psychological effects, including disaster-related factors such as physical injury, 12 
death, or loss of a loved one (Galea et al. 2007, 2008; McLaughlin et al. 2009; Norris et al. 2010), 13 
loss of resources such as possessions or property (La Greca et al. 1996, 2010; Lai et al. 2013; 14 
Paul et al. 2014; Pietrzak et al. 2013), and displacement (Abramson et al. 2008; Hansel et al. 15 
2013; Jacob et al. 2008; Davydov et al. 2010; Freedy and Simpson 2007; Sastry and 16 
VanLandingham 2009). Life events and stressors secondary to climate-related events also affect 17 
mental health, including loss of jobs and social connections, financial worries, loss of social 18 
support, and family distress or dysfunction (Banks and Weems 2014; Galea et al. 2008; La Greca 19 
et al. 2010; McLaughlin et al. 2009; Paul et al. 2014; Pietrzak et al. 2013). 20 

These disaster-related stress reactions and accompanying psychological impacts occur in many 21 
individuals directly exposed to the event and can continue over extended time periods (up to a 22 
year or more). For example, three months after Hurricane Andrew, 38% of children (ages 8 to 12 23 
years) living in affected areas of south Florida reported symptom levels consistent with a 24 
“probable diagnosis” of PTSD. At ten months post-disaster, this proportion declined to about 25 
18% (La Greca et al. 1996, 2013), representing a substantial decrease but still indicating a 26 
significant number of individuals with serious mental health issues resulting from the disaster 27 
event. 28 

8.4 Populations of Concern 29 
Certain populations of concern will be at higher risk for poor mental health outcomes as the 30 
negative effects of climate change progress (Swim et al. 2011; Berry et al. 2010). Significant 31 
populations of concern are described below. Higher risk also exists for farmers, those with 32 
limited mobility, immigrants, those living on coastal areas, those from indigenous communities 33 
or tribes, and veterans (Swim et al. 2010, 2011; Doherty and Clayton 2011; Norris et al. 2002;  34 
Somasundaram and van de Put 2006; Bourque and Consulo Willox 2014; Turner and Clifton 35 
2009; Consulo Willox et al. 2012) (see also Ch. 9: Populations of Concern).  36 
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Children 1 
Children are at particular risk for distress, anxiety, and other adverse mental health effects in the 2 
aftermath of a climate-related disaster. As children are constantly growing, their reactions will 3 
vary by age and developmental level. Children have an innate resilience, but can and do exhibit 4 
various stress symptoms when exposed to a traumatic event. These symptoms will depend on the 5 
developmental stage of the child, the level and type of exposure, the amount of destruction seen, 6 
and that particular child’s risk factors and protective factors (Joshi and Lewin 2004). Children 7 
are dependent on others for care (Simpson et al. 2011; Clayton et al. 2014) and a significant 8 
predictor of mental health and well-being in a child is the mental health status of the primary 9 
caregiver. If the primary caregiver’s mental health needs are being addressed, then a child will 10 
fare better after experiencing a disaster or other trauma (Tees et al. 2010; Joshi and Lewin 2004; 11 
Simpson et al. 2011; Clayton et al. 2014). The potential exists for an array of difficult emotional 12 
and behavioral responses in children shortly after a disaster, such as depression, clinginess, 13 
aggressiveness, and social withdrawal, some of which are normal and expected and will resolve 14 
over time with proper support. However, children may be at a higher risk than adults of having 15 
symptoms persist in the long-term. In one study, significantly more children than adults 16 
demonstrated continued PTSD symptoms more than two years post-disaster, and, in general, 17 
were more likely to be impaired by the disaster (Norris et al. 2002). Chronic stress from the acute 18 
and ongoing impacts of climate change may alter the biological stress response systems and 19 
make growing children more at risk for later mental health conditions (Simpson et al. 2011) such 20 
as anxiety, depression, and other clinically diagnosable mental health conditions. 21 

Women, Pregnant Women, and Post-partum Mothers 22 
Post-disaster stress symptoms are often, but not universally, reported more frequently by women 23 
than men (Dasgupta et al. 2010; Rahman 2013). Women have higher prevalence of PTSD and 24 
other mental health disorders after disasters than do men (Xiong et al. 2010), and are prone to 25 
greater worry and feelings of vulnerability (Trumbo et al. 2011), anxiety disorders and other 26 
adverse mental health outcomes (Corrarino 2008; Norris et al. 2002). Increases in domestic 27 
violence are also common after a disaster (Fritze et al. 2008; Clayton et al. 2014). 28 

Pregnant and postpartum women can be quite resilient, but their resilience diminishes when 29 
social supports are reduced and when they have experienced injury, illness or danger due to the 30 
disaster, and when they have lived through multiple disaster experiences (Harville et al. 2009, 31 
2010, 2011). Estimates indicated that there were 56,100 pregnant women and 74,900 infants 32 
directly affected by hurricane Katrina (Callaghan et al. 2007) and that pregnant women with high 33 
hurricane exposure and severe hurricane experiences were at a significantly increased risk for 34 
PTSD and depression (Xiong et al. 2010). The increases in PTSD and depression found in 35 
pregnant women exposed to hurricane Katrina was likely due to the severity of the event and the 36 
intensity of the disaster experience rather than a general exposure to the event (Xiong et al. 2010; 37 
Ehrlich et al. 2010). 38 
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The many consequences of natural disasters, such as destruction of homes, and of gradual 1 
climate change impacts, such as rising temperatures, incidence of vectorborne illness, waterborne 2 
illness, and even compromised food (Callaghan et al. 2007), can all contribute to the emotional 3 
stress that women have while pregnant, nursing, or responsible for young children. Nutrition is 4 
essential to women’s health and well-being, especially if pregnant or nursing. Access to clean 5 
water and food is critical, and the lack of either may affect women’s ability to cope with the 6 
impacts of climate change. Poor nutrition can lead to difficult pregnancies and delivery problems 7 
or even low birth weight and/or death of a newborn, all of which can be immensely stressful to 8 
the mother. (Triunfo and Lanzone 2015) 9 

Elderly 10 
In the United States, the number of individuals 65 years of age and older is expected to climb 11 
from 47,830,000 by the end of 2015 to 98,165,000 in 2060, an increase from 14.9% of the 12 
population to 23.6% (U.S. Census Bureau 2014). The aging population may have difficulty 13 
responding to the challenges that come with climate change as they tend to have higher rates of 14 
untreated depression and physical ailments that contribute to their overall vulnerability, such as 15 
increased susceptibility to heat and accompanying physical and mental health and wellbeing 16 
impacts. 17 

Physical health problems are causally and reciprocally associated with the development of 18 
mental health problems (Miller et al. 2009; Prince et al. 2007), particularly among older adults  19 
(Katz 1996; Berry et al. 2010). Research on long-term exposures to air pollution has shown 20 
poorer cognitive function and an increased rate of cognitive decline among the elderly (Power et 21 
al. 2011; Ranft et al. 2009; Wellenius et al. 2012; Weuve et al. 2012; Tonne et al. 2014). The 22 
literature findings, however, are mixed regarding observed responses to events (Bei et al. 2013) 23 
in the elderly population. One study found a small proportion of elderly who had experienced a 24 
flood had adverse reactions, such as PTSD symptoms and decline in mental health. Greater flood 25 
exposure, lack of social support, higher stoicism, and the use of maladaptive coping were all 26 
associated with greater deterioration in mental health after floods for seniors (Bei et al. 2013). 27 
The mental health consequences experienced by the elderly in response to a disaster may 28 
ultimately be due more to challenges they face with physical health, mobility, and difficulty 29 
managing the disaster, rather than vulnerabilities more closely associated with clinical mental 30 
health disorders (Somasundaram and van de Put 2006). 31 

Economically Disadvantaged 32 
People living in poverty and with fewer socioeconomic resources have less capacity to adapt to 33 
the challenges brought by climate change. They are less able to evacuate should there be a 34 
natural disaster, and are more exposed to harmful conditions created by heat waves and poor air 35 
quality. Low-income people disproportionately experience the most negative impacts (Swim et 36 
al. 2010; Bourque and Consulo Willox 2014) and weather-related mental distress due to more 37 
fragile overall health, reduced mobility, and economic limitations reducing ability to buy goods 38 
and services that could address basic comfort levels and mitigate disaster effects. 39 
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Many low-income people in the United States have lower educational attainment and are 1 
employed in climate-dependent sectors, such as agriculture, or they live in weather- and 2 
temperature-vulnerable areas, such as cities, flood zones, and drought-prone areas. As a result of 3 
these cumulative risk factors, these individuals also have higher levels of distress (Coelho et al. 4 
2004; Berry et al. 2010) and are more vulnerable to experiencing poor mental health due to 5 
extreme weather events or other climate change impacts. This has been documented in Australia, 6 
where farming communities appear to be particularly vulnerable to negative mental health 7 
outcomes. The most severe impacts potentially affect older farmers, who reported experiencing 8 
an overwhelming sense of loss as a result of chronic drought and its consequences (Polain et al. 9 
2011). 10 

Emergency Workers and First Responders 11 
Emergency workers and first responders are exposed to deaths, injuries, diseases, and mental 12 
stress caused by weather-related disasters. As some extreme weather events increase in 13 
frequency and severity (See Ch. 7: Extreme Weather), there will be an increased need for 14 
emergency response workers involved in rescue and cleanup (Keim 2008). Firefighters, 15 
emergency medical service providers, healthcare workers, those handling human remains and 16 
body recovery, as well as non-traditional first responders who may be involved with supporting 17 
the community after a natural disaster are all at increased risk for mental health consequences,  18 
including substance use, both in the short-term and long-term (Benedek et al. 2007; Laugharne et 19 
al. 2011). The very nature of the work, which involves being exposed to a traumatic event and 20 
helping others in crisis, frequently working long hours in difficult environments and away from 21 
loved ones, increases the susceptibility of first responders and emergency workers to 22 
experiencing negative mental health consequences. The level of stress and distress on the 23 
responders increases when the injured are children or people they know (Alexander and Klein 24 
2009).Vicarious trauma or identifying with the victim’s suffering, and being overwhelmed by the 25 
number and scope of injuries, can also impact the general mental health and well-being of all 26 
responders (Fullerton et al. 1992; Alexander and Klein 2009).  27 

Some studies have found rates of PTSD ranging from 13% to 18% one to four years following 28 
large-scale response events. A long-term study of Australian firefighters observed that 77% of 29 
those who had developed PTSD had other simultaneously occurring mental health conditions 30 
such as depression, panic disorder, or phobic disorders (Benedek et al. 2007). In a study of Coast 31 
Guard responders who responded to Hurricane Katrina and Rita, local responders were three 32 
times more likely to report depression than non-local responders (Rusiecki et al. 2014). 33 

Extreme weather events can cause damage to infrastructure (power grids, roads, and 34 
transportation) and buildings and put response workers at increased risk of traumatic injury (Ch. 35 
7: Extreme Weather). Responders may also be at increased risk of violence when dealing with 36 
members of the public who may be stressed from shortages of food, water, sanitation, power, and 37 
medical assistance. The impacts of more frequent and intense weather events result in increased 38 
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stress for responders and threaten their overall mental health and well-being (Noyes et al. 2009; 1 
Kiefer et al. 2014). 2 

People Who Are Homeless 3 
The homeless have higher rates of mental illness than the general population. Up to 91% of 4 
homeless populations in the United States live in urban and suburban areas where there is an 5 
increased risk from heat waves (Ramin and Svoboda 2009). The combination of risk factors, 6 
including high rates of mental illness and the geographical location of the homeless, make the 7 
homeless very vulnerable to the effects of extreme heat. Those who are homeless due to natural 8 
disasters are at increased risk for post-traumatic stress symptoms. This number will likely grow 9 
as some extreme weather events become more frequent. The homeless are also vulnerable to 10 
acquiring a vectorborne illness. For example, increases in mosquitoes have been seen after 11 
hurricanes, such as after Hurricane Katrina. Those who sleep outdoors at night are at an added 12 
risk for mosquito-borne illness due to increased prevalence of mosquitoes at night (Ramin and 13 
Svoboda 2009). In addition to pre-existing mental health conditions and the stress and distress 14 
that comes from with experiencing a natural disaster or other impact of climate change, the 15 
cognitive, neurological and mental health complications that come with some of the vectorborne 16 
illnesses make the homeless even more vulnerable to climate change. 17 

Individuals with Prior or Preexisting Mental Illness 18 
There are an estimated 60 million Americans who currently suffer from mental health disorders. 19 
People with mental illness and those using medications to treat a variety of mental health 20 
disorders such as depression, anxiety, and other mood disorders are particularly vulnerable to 21 
extreme weather events and extreme heat (Berry et al. 2010). Between 2005 and 2010 22 
approximately 6% of the U.S. adolescents aged 12–19 reported using medications to treat a 23 
mental illness (Jonas et al. 2013). From 2005–2050, as the U.S. population and average age 24 
increases, the total number of U.S. adults with depressive disorders specifically is projected to 25 
increase from 33.9 million to 45.8 million, a 35% increase, with those over 65 years old having 26 
the largest increase of 117% (Heo et al. 2008). As the number of people with mental health 27 
disorders increases, so will the numbers of those who take medications for mental health 28 
disorders, creating a larger population vulnerable to the effects of extreme heat and extreme 29 
weather events.  30 

Extreme weather events carry threats of psychological trauma and disruption to behavioral health 31 
services systems. Individuals with mental health and stress-related disorders, such as PTSD, 32 
depression, anxiety, sleep difficulties, and sometimes drug or alcohol abuse, can experience an 33 
exacerbation of symptoms following a traumatic event. When infrastructure is damaged and 34 
communication lines are weakened, mental health services and personal support networks get 35 
disrupted too, leaving those with a mental illness vulnerable to experiencing additional negative 36 
mental health consequences. 37 
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As discussed above, many medications used to treat a variety of mental health disorders interfere 1 
with temperature regulation and heat elimination and may directly induce hyperthermia. Being 2 
dehydrated can also influence the way some medications such as lithium (used to stabilize mood) 3 
or anti-epileptics work in the body (Stollberger et al 2009). One of the major underlying risks for 4 
death due to extreme heat is the use of medications that affect the body’s ability to regulate heat 5 
or have neurological effects, increasing susceptibility to the effect of heat (Berko et al. 2014). 6 

After the 2012 heat wave in Wisconsin, nearly 52% of the heat-related deaths studied occurred 7 
among people with at least one mental illness, and half of those were taking a medication that 8 
treats mental illness and sensitizes people to heat (Christenson 2013). For cases at an emergency 9 
department studied after the 2003 heat wave in France, certain drugs prescribed for depression, 10 
sleep disorders, psychosis, and anxiety-related disorders were found to be independent risk 11 
factors for hospitalization for heat-related causes (Martin-Latry et al. 2007). Medications used to 12 
treat psychosis were also associated with increased risk of fatal heatstroke during the 1980 heat 13 
wave in St. Louis and Kansas City. This increased susceptibility to heat due to certain classes of 14 
medication typically used to treat mental health disorders, as well as for alcohol- and drug-15 
dependent people, and other conditions is supported by many studies (Kwok and Chan 2005; 16 
Cusack et al. 2011; Faunt et al. 1995; Weir 2002; Kaiser et al. 2001; Kovats et al. 2006; Nitschke 17 
et al. 2007; Hansen et al. 2008). 18 

It is important to note several other factors besides the effects or side-effects of medication use 19 
that might explain why people with mental illness are vulnerable to heat-related death (Kovats et 20 
al. 2006; Page and Howard 2010). Isolation and deficits in care, common to those with severe 21 
mental illness are critical characteristics of those with the highest rates of heat related illness and 22 
death as they can lower the likelihood of utilizing preventive strategies such as showers and 23 
cooling shelters during times of extreme heat (Christenson et al. 2013). Those with mental illness 24 
often experience poorer overall health and have fewer social supports. Those with a combination 25 
of disorders and who are taking combinations of medications are also at greater risk of heat-26 
related death. 27 

8.5 Emerging Issues 28 
Multiple issues warrant further attention regarding the impact of climate change on individuals’ 29 
and communities’ mental health and well-being. Broadly, these include the impact on many 30 
individuals from indirect, virtual exposure to the threat and attributed manifestations of climate 31 
change, including climate change related disasters, the impacts of mass evacuation and 32 
relocation, how individuals’ understandings and attitudes toward climate change and associated 33 
risk perceptions influence their disaster-related psychological reactions, and the cumulative 34 
effects of media presentations of the climate-related events on mental health and well-being. 35 

A more specific issue is the effects of thermal extremes on mental health, in particular 36 
suicidality. Some studies report a connection between higher temperature and suicide  37 
(Deisenhammer et al. 2003) with some indicating increased risk of suicide (Lee et al. 2006; Page 38 
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et al. 2007; Preti et al. 2007). The association between hotter temperatures and suicide appears to 1 
be stronger for violent suicides than for non-violent suicides (Maes et al. 1994) and there is 2 
emergent evidence that death by suicide may increase above a certain temperatures (Page et al. 3 
2007; Qi et al. 2009), suggesting hot weather may trigger impulsive and aggressive behaviors. 4 
More studies are needed to better understand if any correlations exist, as negative correlations 5 
have also been found (Souêtre et al. 1987, 1990), as well as no correlation at all (Partonen et al.  6 
2004; Dixon et al. 2007; Ruuhela et al. 2009). 7 

More frequent and prolonged heat waves may increase the amount of time spent indoors. A 8 
question for future exploration is what will be the effect of extended periods staying indoors on 9 
people’s mental health, in particular for children and those who use the outdoors for exercise and 10 
stress management? 11 

Another specific issue is the effect of changes in air quality. Research has explored the effect that 12 
poor air quality may have on mental health as it relates to depression and suicide (Szyszkowicz 13 
2007; Szyszkowicz et al. 2009, 2010). While the current published research is not robust enough 14 
to imply causation, studies have found significant associations between short-term exposure to 15 
air pollution (SO2, PM10, NO2, and CO) and emergency department admissions for depressive 16 
episodes in Canada (Szyszkowicz 2007; Szyszkowicz et al. 2009). Additionally, recent studies 17 
conducted outside of the United States found associations between air pollution, including 18 
aeroallergens, with risk of suicide and emergency department admissions for suicide attempts 19 
(Szyszkowicz et al. 2010; Kim et al. 2010; Qin et al. 2013). These emerging issues may prove to 20 
have a significant impact if poor air quality conditions worsen within the United States. 21 

The severity of risks to mental health and wellness for indigenous populations that have a close 22 
connection to the environment, and in some cases lower economic resources, is also a concern  23 
(Turner and Clifton 2009; Consulo Willox et al. 2012; Maldonado et al. 2014). All of these areas 24 
will require further study. 25 

With regards to the impact of climate change-related food safety risks to mental health, increased 26 
CO2 levels could decrease the nutritional value of some foods (see Ch. 6: Food Safety). 27 
Malnutrition (specifically, iron deficiencies) can cause fatigue and depression in children and 28 
adolescents (NCTSN 2003) but more needs to be learned regarding the mental health and 29 
wellbeing impacts that will result from changes to food composition, quality, and safety due to 30 
climate change. 31 

There is some emerging evidence that climate change could increase the rate of food allergies.  32 
Such an increase in food allergies would have an impact on mental health status, where those 33 
with food allergies have higher rates of stress and anxiety (Teufel et al. 2007). Food allergy in 34 
children and adolescents has been connected to psychological distress, including anxiety and 35 
depression. Parents of children with food allergies have been found to have higher rates of stress 36 
and anxiety than children without food allergies (Cummings et al. 2010). Some studies even 37 
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found that those with food allergies have higher rates of major depression, bipolar disorder, panic 1 
disorder, and social phobia than those with no food allergy (Patten and Williams 2007). 2 

Increasingly, people are exposed to multiple media accounts of climate change impacts. People 3 
experience both indirect exposure to climate change (for example, through media accounts of 4 
distant extreme weather events) as well as direct experience of unusual weather and 5 
environmental changes where they live. Taken together, these create a combination of virtual, 6 
vicarious, and direct exposures to climate change. 7 

8.6 Research Needs 8 
More research is needed in a number of broad areas related to mental health and well-being. As 9 
health effects are studied in relation to climate change, the mental health effects and 10 
consequences should be integrated into those studies to better understand the complete picture of 11 
climate change’s impact on human health. The effects of secondary exposure (including 12 
cumulative media representations of climate change), and how an individual’s understanding and 13 
attitude toward the threat of climate change affects their psychological well-being and resilience 14 
merit further exploration. Further research is needed to clarify the mental health effects of mass 15 
evacuation and relocation resulting from loss of habitable environments in the United States. 16 
Degradation of air quality, diminished food safety and security, and increased vectorborne risks 17 
need to be better understood in order to project mental health consequences. The mental health 18 
consequences of higher ambient temperatures may vary by region, and further research would 19 
help clarify these effects and how they vary with location. Finally, as climate risks evolve and 20 
interact, the stress on individual and societal mental health and well-being will require 21 
standardized monitoring and study to more fully understand the risks that cumulative stress 22 
poses.  23 

Currently, the kind of programmatic, long-term, psychological and social impact and monitoring 24 
programs and measures necessary to identify and document important changes and impacts in 25 
mental health and well-being associated with climate change do not exist. National psychosocial 26 
impact assessment and monitoring programs as well as standardized methodologies and 27 
measures that can adequately address and document those psychological and social parameters,  28 
processes, and pathways of particular relevance to current and projected mental health and well-29 
being impacts of climate change are needed.  30 
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8.7 Traceable Accounts 1 

Process for Developing Key Messages 2 
The key messages were developed during technical discussions and expert deliberation at a two-3 
day workshop of all report authors on September 10–11, 2014, held in Washington D.C.; a 4 
workshop of all chapter authors held October 29, 2014, in Washington D.C.; and through 5 
multiple technical discussions via teleconferences from August through January 2015, based on 6 
reviews provided by the steering committee and the NOAA Technical Support Unit; and through 7 
other various communications on points of detail and issues of expert judgment in the interim. 8 
The author team also engaged in targeted consultations during multiple exchanges with 9 
Contributing Authors, who provided additional expertise on subsets of the key messages. These 10 
discussions were held subsequent to multiple rounds of reviews and revisions of the draft 11 
chapter, particularly between August and November 2014. 12 

Mental Health Consequences of Exposure to Disasters 13 

Key Finding 1: Many people exposed to climate-related disasters experience stress and serious 14 
mental health consequences. Depending on the type of the disaster, these serious mental health 15 
consequences include significant symptoms of post-traumatic stress disorder (PTSD), 16 
depression, and general anxiety, which often occur at the same time. The majority of affected 17 
people recover over time on their own, although a significant proportion of exposed individuals 18 
develop chronic levels of psychological dysfunction. [Very High Confidence] 19 

Description of evidence base 20 
The key message and supporting text summarizes extensive evidence from peer-reviewed 21 
literature demonstrating the impact of extreme weather and climate events on mental health.  22 
Individuals exposed to these extreme events experience increased rates of PTSD, anxiety, and 23 
depression. These extreme events primarily include hurricanes, tornadoes, and floods, with some 24 
studies of wildfires, drought, and winter storms. 25 

The mental health impacts of extreme weather and climate primarily have been studied in 26 
response to hurricanes and floods (Bei et al. 2013; Boscarino et al. 2013, 2014; Felton et al.  27 
2013; Galea et al. 2007, 2008; Felton et al. 2013; Kessler et al. 2008; La Greca et al. 2010, 2013; 28 
Lowe et al. 2013a; Norris et al. 2010; Pietrzak et al. 2012) and wildfires (Maida et al. 1989). 29 
Many people exposed to climate-related natural disasters experience stress reactions and serious 30 
psychological harm, including significant symptoms of post-traumatic stress disorder (PTSD), 31 
depression, and general anxiety, which often occur simultaneously (Lai et al. 2013; Ruggiero et 32 
al. 2012; Sastry and VanLandingham 2009; Scheeringa and Zeanah 2008; Tracy et al. 2011). 33 
PTSD (or its significant symptoms) is most often observed after acute and highly destructive 34 
disasters, such as severe hurricanes, and among individuals who are directly exposed to life-35 
threatening events (Boscarino et al. 2014; Ehrlich et al. 2010; Galea et al. 2008; Garrison et al. 36 
1995; La Greca et al. 1996, 2010; Lai et al. 2013; Norris et al. 2010; Osofsky et al. 2009; Paul et 37 
al. 2014; Pietrzak et al. 2013).  38 
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Because climate change is associated with an increase in the frequency and severity of these 1 
acute weather events, people will be increasingly exposed to the precursors of PTSD such as 2 
exposure to imminent danger, injury, death, and harm to significant others (Berry et al. 2010).  3 

Other psychological effects also include grief/bereavement, increased substance use or misuse, 4 
and suicidal ideation (Kessler et al. 2008; Lowe et al. 2011; Lowe and Rhodes 2013; North et al. 5 
2011; Osofsky et al. 2011; Rohrbach et al. 2009; Williams et al. 2014) as well as distress, 6 
pessimism, and frustration. All these reactions have the potential to interfere with the 7 
individual’s functioning and well-being, and are especially problematic for certain groups, such 8 
as children, women, the elderly, disaster relief workers/emergency responders, and those with 9 
pre-existing medical and psychological problems. 10 

Drought also poses mental health concerns as it interacts over time with multiple other 11 
environmental and social stressors to disrupt lives and livelihoods and the functioning of 12 
individuals, households, and communities (Dai 2011; Evans and Lepore 2008; Weissbecker 13 
2011). Prolonged drought can have very visible and long-term impacts on landscapes, on 14 
sustainable rural agricultural industries and communities, and on individual and community 15 
adaptive capacity and resilience (Albrecht et al. 2007; Sartore et al. 2008; Seery et al. 2010). 16 

Research that has studied individual resilience and recovery shows that a majority of individuals 17 
psychologically affected by a traumatic event (such as a climate-related disaster) will recover 18 
over time. However, a significant proportion (typically 20% or less) of individuals directly 19 
exposed to the event develop chronic levels of psychological dysfunction, which may not get 20 
better or resolve (Kronenberg et al. 2010; La Greca et al. 2013; Lowe and Rhodes 2013; Mills et 21 
al. 2012; Pietrzak et al. 2013; Self-Brown et al. 2013; Wadsworth et al. 2009; Weems and 22 
Graham 2014). Multiple risk factors contribute to these adverse psychological effects, including 23 
disaster-related factors such as physical injury, death or loss of a loved one (Galea et al. 2007; 24 
Galea et al. 2008; McLaughlin et al. 2009; Norris et al. 2010), loss of resources such as 25 
possessions or property (La Greca et al. 1996, 2010; Lai et al. 2013; Paul et al. 2014; Pietrzak et 26 
al. 2013), and displacement (Abramson et al. 2008; Hansel et al. 2013; Jacob et al. 2008; Freedy 27 
and Simpson 2007; Sastry and VanLandingham 2009). 28 

These numerous studies have examined the mental health and wellness impacts of extreme 29 
weather and climate events among a variety of populations. Taken on the whole, this scientific 30 
evidence provides a very high level of confidence regarding the cumulative adverse impacts of 31 
environmental changes and events associated with global climate change on individual and 32 
societal mental health and well-being. 33 

Major uncertainties 34 
There remains uncertainty about the degree to which future extreme weather and climate events 35 
will impact mental health and wellness. An increase in the scope, frequency, and/or severity of 36 
these events would likely increase the number of people impacted and the degree to which they 37 
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are impacted. Efforts that effectively increase preparation for both the physical and psychological 1 
consequences of extreme weather and climate events could decrease the impact on mental health 2 
and well-being. 3 

Assessment of confidence and likelihood based on evidence 4 
Confidence level is very high that many people exposed to climate-related natural disasters 5 
experience stress and serious mental health consequences. Increases in the number of extreme 6 
weather and climate events will result in increased opportunities for more people to experience 7 
traumatic exposure which can result in more people suffering adverse psychological and stress 8 
reactions. 9 

Specific Groups of People Are at Higher Risk 10 

Key Finding 2: Specific groups of people are at higher risk for distress following climate-related 11 
events. These groups include children, the elderly, and women (especially pregnant and post-12 
partum women), people with pre-existing mental illness, low-income persons, first-responders, 13 
and people who are homeless. Communities that rely on the natural environment for sustenance 14 
and livelihood and populations living in areas most susceptible to specific climate change events 15 
are at increased risk for adverse mental health outcomes. [High Confidence] 16 

Description of evidence base 17 
Specific populations within the United States are particularly vulnerable to the mental health 18 
impacts of climate change events (Swim et al. 2010, 2011; Berry et al. 2010; Somasundaram et 19 
al. 2006; Bourque and Consulo Willox 2014; Doherty and Clayton 2011). Some evidence 20 
suggests that children are at particular risk for distress, anxiety, and other clinical mental health 21 
impacts (Joshi and Lewin 2004), such as depression, clinginess, aggressiveness, and social 22 
withdrawal in the aftermath of a climate-related disaster. Children may be at a higher risk than 23 
adults of having such symptoms persist in the long-term. In some studies, significantly more 24 
children than adults demonstrated continued PTSD symptoms more than two years post-disaster, 25 
and, in general, were more likely to be impaired by the disaster (Simpson et al. 2011; Norris et al. 26 
2002). 27 

Nearly 50 million Americans are over 60 years of age. Those in the United States who are 65 28 
years of age and older are expected to increase from 12.4% of the population in 2000 to 20% in 29 
2060 (CDC 2015). The elderly have high rates of physical and mental health disorders leaving 30 
them more vulnerable to the impacts of climate change (Miller et al. 2009; Prince et al. 2007; Bei 31 
et al. 2013; Somasundaram and van de Put 2006). 32 

People living in poverty, including the approximately 12 percent of U.S. residents (36 million 33 
people) who live below the poverty line, have less capacity to adapt to the trials that climate 34 
change presents. They are less able to get out of the way of natural disasters and are more 35 
exposed to harmful environmental conditions such as heat waves and poor air quality (U.S.  36 
Census Bureau 2014) and disproportionately experience the most negative impacts (Swim et al. 37 
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2010; Bourque and Consulo Willox 2014). Those living in drought prone areas are vulnerable to 1 
lower socioeconomic status and high levels of distress (Coelho et al. 2004; Berry et al. 2010; 2 
Polain et al. 2011). 3 

The estimated 60 million Americans who currently suffer from psychological disorders of 4 
varying degrees of severity will face additional challenges when confronted with the harsh 5 
realities of climate change. Additionally, post-traumatic stress disorder is frequently seen in 6 
populations exposed to violent disasters, particularly, those that recur. Post-disaster stress 7 
symptoms are often, but not universally reported more frequently by women than men (Dasgupta 8 
et al. 2010; Rahman 2013). Following a disaster, women often have higher prevalence of PTSD 9 
and other mental health disorders (Xiong et al. 2011) and other adverse psychological outcomes 10 
(Trumbo et al. 2011; Corrarino 2008; Norris et al. 2002b; Fritze et al. 2008; Clayton et al. 2014; 11 
Harville et al. 2009, 2010, 2011; Callaghan et al. 2007). 12 

Disaster responders are at increased risk of mental and physical health problems after climate-13 
related disasters (Laugharne et al. 2011; Benedek et al. 2007; Rusiecki et al. 2014) and violence 14 
when dealing with a public already stressed from shortages of food, water, sanitation, power, and 15 
medical assistance. The impact of more frequent and intense weather events will threaten the 16 
responder’s overall mental health and well-being (Keifer et al. 2014; Noyes et al. 2009; Fullerton 17 
et al. 1992). 18 

Major uncertainties 19 
Other populations living within the United Sates for which we have fewer published research on 20 
may also be particularly vulnerable to the impacts of climate change. While there is uncertainty 21 
around the magnitude of effect, there is a general agreement that climate related disasters cause 22 
different emotional and behavioral responses that will lead to a psychological toll increasing the 23 
likelihood of a mental illness. 24 

Assessment of confidence and likelihood based on evidence 25 
The assessment of confidence is high due to the scientific literature suggesting the increased 26 
likelihood of a psychological toll faced by populations of concern in the aftermath of a climate-27 
related disaster. An increase in adverse climate events could result in increased exposure of 28 
populations of concern and elevate the risk for mental health consequences. 29 

The Threat of Climate Change 30 

Key Finding 3: The threat of climate change, the perceived direct experience of climate change, 31 
and changes to one’s local environment can result in substantial adverse mental health outcomes 32 
and social impacts for the American public. Virtually all Americans are exposed to the threat of 33 
climate change and to events attributed to the impacts of climate change through frequent multi-34 
media coverage. [High Confidence]  35 
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Description of evidence base 1 
The threat of climate change and perceptions of unfolding related physical environment changes 2 
and extreme events attributed to climate change together constitute an unprecedented 3 
environmental stressor. An environmental stressor is an ongoing and stress-inducing condition or 4 
aspect of an individual’s everyday environment. The scientific literature here is principally a 5 
social and behavioral science literature addressing public risk perceptions, understandings, and 6 
responses to the threat and unfolding environmental impacts of climate change (for example, 7 
Lever-Tracy 2010; ISCC and UNESCO 2013). This includes quasi-experimental laboratory 8 
research, social science-based national survey research, and survey-based mental health 9 
epidemiological research. Specific research area subjects include health psychology and clinical 10 
psychology based health and well-being research, social and environmental psychology 11 
multidisciplinary environmental risk perception and appraisal research psychology research,  12 
psychology and psychiatry based disaster mental health research, and psychosocial 13 
environmental impact assessment research. Given the range and extent of this evidence base, a 14 
number of the illustrative sources are themselves reviews of research areas and their findings. As 15 
some particularly strong research studies have been comparative, cross-national initiatives, 16 
corroborating and validating U.S. studies and measures, a number of these have been cited. 17 

Major uncertainties 18 
The major uncertainties here derive from the often challenging distinction between objective and 19 
subjective exposure and experience in the case of environmental threats, given the multi-media 20 
information environment that individuals are exposed to and experiencing, and the 24/7 coverage 21 
of climate change and events attributed to climate change, and the multiple uncertainties in 22 
public perceptions and understandings integral to the contested issue status of ‘climate change 23 
(social, environmental, political/policy). As well the relative absence of programmatic, longer-24 
term, impact assessment and monitoring programs and databases relating to the psychosocial 25 
impacts of climate change necessitate reliance on smaller scale, typically cross-sectional studies, 26 
and limited research surveys, with these latter often using single item indicators rather than 27 
standardized, climate change specific, multi-item psychometric measures. Notwithstanding these 28 
issues, the consistency and robustness of social science-based U.S. and cross-national survey 29 
findings, the high convergence of findings between established survey indicators and sensitive 30 
psychometric measures, and the convergent validity of very independent and distinctive avenues 31 
of research would suggest that those inherent uncertainties of the methodologies required to 32 
measure, document, and monitor important mental health and well-being impacts of climate 33 
change can be confidently addressed by the consistency and convergence of programmatic 34 
research findings undertaken by highly credible researchers and research institutions. 35 

Assessment of confidence and likelihood based on evidence 36 
The scientific evidence provides high confidence that the threat of climate change and changes to 37 
one’s local environment can result in mental health consequences. Scientific understanding of the 38 
nature of ongoing environmental stressors generally, and climate change specifically, suggests 39 
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that greater environmental stressors may increase the extent and adverse nature of mental health 1 
and well-being impacts. 2 

Extreme Heat May Increase Risks for People with Mental Illness 3 

Key Finding 4: People with mental illness, especially those who take certain prescription 4 
medications to treat their illnesses, are at higher risk for poor physical and mental health due to 5 
extreme heat.  Increases in extreme heat will have an impact on the incidence of disease and 6 
death of people with mental illness. Significant segments of people with mental illnesses who are 7 
most vulnerable to extreme heat, such as the elderly, are also taking medication that impairs the 8 
body’s ability to regulate heat and therefore have increased vulnerability to the effects of heat.  9 
[Very High Confidence] 10 

Description of evidence base 11 
In six case-control studies involving 1065 heat wave–related deaths, pre-existing mental illness 12 
was found to triple the risk of death due to heat-wave exposure (Bouchama et al. 2007). After the 13 
heat wave in Wisconsin in 2012, close to 52% of the heat-related fatalities studied had at least 14 
one mental illness and half of those were taking a psychotropic medication (Christenson 2013). 15 
After the 2013 heat wave in France, among patients admitted to the emergency department, anti-16 
cholinergic drugs, antipsychotics, and anxiolytic drugs were found to be independent risk factors 17 
for hospitalization for heat-related pathologies (Martin-Latry 2007). Antipsychotics were also 18 
associated with increased risk of fatal heatstroke during the 1980 heat wave in St. Louis and 19 
Kansas City. This increased susceptibility to heat due to medication use for psychiatric and other 20 
mental health disorders, as well as for alcohol- and drug-dependent people, is also supported by 21 
numerous other studies (Kwok 2005; Cusack et al. 2011; Faunt et al. 1995; Weir 2002; Kovats et 22 
al. 2006; Nitschke et al. 2007; Hansen et al. 2008). 23 

Several other factors besides the effects or side-effects of medication use might explain why 24 
people with mental illness are particularly vulnerable to heat-related death (Kovats et al. 2006; 25 
Page et al. 2010). Isolation and deficits in care contribute to those with mental illness having 26 
increased vulnerability to heat. These characteristics can lower the likelihood of utilizing 27 
preventive strategies such as showers and cooling shelters during times of extreme heat 28 
(Christenson et al. 2013). This population often experiences poorer overall health and has fewer 29 
social supports. 30 

People with pre-existing mental illness and those on psychotropic medications, including the 31 
elderly and children, will be at higher risk for poor mental health outcomes due to increased heat 32 
given projections of climate warming. Those with a combination of disorders and who take 33 
combinations of medications are also at greater risk of heat-related mortality. 34 

Climate-related events and incidents have the potential to expose an estimated 200 million 35 
Americans to serious psychological distress. Most Americans live in cities, where individuals 36 
may be more exposed to heat waves. Individuals with prior mental illness are especially 37 
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vulnerable to extreme heat or heat waves and there is a large body of research, which supports 1 
this finding with a high level of agreement. In six case-control studies involving 1065 heat wave–2 
related deaths, pre-existing mental illness was found to triple the risk of death due to heat-wave 3 
exposure (Bouchama et al. 2007). Mental, behavioral, and cognitive disorders can be triggered or 4 
exacerbated by heat waves. Studies have observed an increased risk of death during hot weather 5 
in patients with specific illnesses impacted by heat including dementia, mood disorders, neurosis 6 
and stress related, and substance abuse (Hansen et al. 2008; Martin-Latry et al. 2007; Page et al. 7 
2012). Studies from the United States, Australia, Taiwan, Canada, and the UK have shown 8 
increases in hospital admissions for those with mental illness due to extreme heat, increasing 9 
ambient temperatures, and humidity (Wang et al. 2014; Vida et al. 2012; Hansen et al. 2008). 10 

According to the National Survey on Drug Use and Health between 2002 and 2013, the 11 
percentage of adults ages 18 or older using prescription medication for mental health issues 12 
increased from 10.5% to 12.5%, a 19% increase (SAMHSA 2014). Furthermore, extreme heat, 13 
heat waves, and hotter temperatures in geographic areas not accustomed to higher temperatures 14 
will become more frequent and intense. With this warming we can anticipate a significant 15 
increase in human conflict (Hsiang et al. 2013) within the United States and abroad, including 16 
heightened aggression which may result in increased inter-personal violence and violent crime 17 
negatively impacting individual and societal mental health and well-being (Ranson 2014). 18 

One of the major underlying risks for death due to extreme heat is psychotropic drug use and use 19 
of other medications that interfere with the body’s temperature regulation, and heat elimination, 20 
and may directly induce hyperthermia, increasing vulnerability to heat. Being dehydrated can 21 
also influence the way some medications such as lithium or antiepileptics work in the body. This 22 
increased susceptibility to heat due to medication use as well as for those who are alcohol- and 23 
drug-dependent, is supported by numerous studies (Bouchama et al. 2007; Kaiser et al. 2001;  24 
Martin-Latry et al. 2007; Berko et al. 2014; Christenson 2013; Kwok 2005; Cusack et al. 2011; 25 
Berry et al. 2010; Faunt et al. 1995; Weir 2002; Page and Howard 2010; Kovats et al. 2006;  26 
Nitschke et al. 2007; Hansen et al. 2008; Stollberger et al. 2009). 27 

The interplay of mental health and extreme heat results in observed incidence of illness and 28 
death, increased aggressive behavior, violence, suicide, and psychiatric hospital admissions.  29 
Individuals who are isolated and have difficulty caring for themselves are also at higher risk for 30 
heat related morbidity and mortality (Bouchama et al. 2007; Vida et al. 2012) and these are 31 
sometimes characteristics of the elderly or those with a mental illness. 32 

Major uncertainties 33 
Uncertainties include whether pharmaceutical companies will develop new medications to treat 34 
mental illness and other health conditions that make individuals less susceptible to heat; whether 35 
better strategies for prevention of heat related illness and death are implemented; whether 36 
individuals begin to adapt over time to increases in heat. Prevention, detection, and treatment 37 
without the use of medications that negatively impact the body’s ability to regulate heat, could 38 
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moderate the magnitude of extreme heat’s impact on those predicted to have psychiatric and 1 
stress related disorders. 2 

Assessment of confidence and likelihood based on evidence 3 
Based on the evidence, there is very high confidence that people with mental illness, especially 4 
those who take certain prescription medications to treat their illnesses, are at higher risk for poor 5 
physical and mental health due to extreme heat. Given the predictions in population growth 6 
among the percentage of the population who have mental health conditions and/or take the range 7 
of pharmaceuticals that sensitize them to heat, there could be increases in the number of people 8 
experiencing negative mental health and health outcomes due to climate change’s influence on 9 
increasing temperatures. 10 

 11 

  12 
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8.9 Figures 1 

Figure 1. Climate Change and Mental Health 2 

 3 

Caption: Conceptual diagram illustrating the exposure pathways by which climate 4 
change influences mental health and well-being. The central blue pathway includes 5 
selected examples of climate drivers, the pathways by which humans are exposed to 6 
health threats from those drivers, and the resulting mental health outcomes. The orange 7 
path to the left indicates selected examples of additional risk factors that are not aspects 8 
of climate change but that can affect human vulnerability to mental health impacts of 9 
climate change. The green path to the right indicates additional protective factors that 10 
may lessen human vulnerability to mental health impacts of climate change.  11 

*These lists of risk and protective factors are not all-inclusive, but are examples. 12 

**Mental health outcomes can be negative or positive depending on the individual’s 13 
particular circumstance, personal strengths, and individual and community risk and 14 
protective factors. 15 

16 
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Figure 2. The Impact of Climate Change on Physical, Mental, and Community Health 1 

 2 

Caption: At the center of the diagram are human figures representing adults, children, 3 
older adults, and people with disabilities.  The left circle depicts climate impacts 4 
including heat, wildfires, sea-level rise, storms, and drought.  The right circle shows the 5 
three interconnected health domains, Medical and Physical Health, Mental Health, and 6 
Community Health, that will be affected by climate impacts. (Figure source: adapted 7 
from Clayton et al. 2014). 8 
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9.1  Key Findings 1 

Vulnerability Varies Across Individuals, Time Scales, and Places 2 

Key Finding 1: Across the United States, people and communities differ in their exposures, their 3 
inherent sensitivity, and their adaptive capacity that enables them to respond to and cope with 4 
climate change related health threats. Vulnerability to climate change varies across time and 5 
geographic areas, across communities, and among individuals within communities [Very High 6 
Confidence]. 7 

Climate Factors Interact with Non-Climate Factors to Increase Health Risk 8 

Key Finding 2: Climate change related health risks interact with some of the same non-climate 9 
factors that increase the risk of poor health generally. Non-climate factors, such as those related 10 
to demographic changes, socioeconomic factors, and pre-existing or chronic illnesses, may 11 
amplify, moderate, or otherwise influence climate-related health effects, particularly when they 12 
occur simultaneously or close in time or space [High Confidence].  13 

Increased Vulnerability to Climate-Related Health Impacts is Widespread Across Ages and 14 
Stages of Life  15 

Key Finding 3: People experience different vulnerabilities at different ages and life stages. For 16 
example, the very young and the very old are particularly sensitive to climate-related health 17 
impacts [High Confidence].  18 

Mapping Tools and Vulnerability Indices Help to Identify Where and for Whom Climate 19 
Health Risks are Greatest 20 

Key Finding 4: The use of geographic data allows for more sophisticated mapping of risk 21 
factors and social vulnerabilities to identify and protect specific locations and groups of people 22 
[Medium Confidence]. 23 

  24 
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9.2  Introduction  1 
Climate change is already causing and will likely continue to cause a range of health impacts that 2 
vary across different population groups in the United States. The vulnerability of any given 3 
group is a function of its sensitivity to climate-related health impacts, its exposure to those risks, 4 
and its capacity for responding to or coping with climate variability and change. Vulnerable 5 
groups of people, described here as populations of concern, include: those with low income, 6 
some communities of color, limited English proficiency and immigrant groups, Indigenous 7 
peoples, children and pregnant women, older adults, vulnerable occupational groups, persons 8 
with functional disabilities, and persons with biologically determined vulnerability, such as pre-9 
existing or chronic medical conditions. Planners and public health officials, politicians and 10 
physicians, scientists and social service providers are tasked with understanding and responding 11 
to the health impacts of climate change. Collectively, their characterization of vulnerability 12 
should consider how populations of concern experience disproportionate, multiple, and/or 13 
complex risks to their health and well-being in response to climate change. 14 

9.3   A Framework for Understanding Vulnerability   15 
9.3.1 Defining Vulnerability and Related Concepts 16 
Some populations of concern demonstrate relatively greater vulnerability to the health impacts of 17 
climate change. The definitions of the following key concepts are important to understand how 18 
some people or communities are disproportionately affected by climate-related health risks 19 
(Figure 1).  20 

[Figure 1. Determinants of Vulnerability] 21 

Vulnerability is the propensity or predisposition to be adversely affected by climate-22 
related health effects, and encompasses three elements: exposure; sensitivity or 23 
susceptibility to harm; and the capacity to adapt or to cope. Exposure is the presence of 24 
people in places that may be adversely affected by climate-related health risks. Sensitivity 25 
is the degree to which people or communities are affected, either adversely or 26 
beneficially, by climate variability and change. Adaptive capacity is the ability of 27 
communities, institutions, or people to adjust to potential hazards, to take advantage of 28 
opportunities, or to respond to consequences. A related term, resilience is the capacity of 29 
social systems to cope with hazardous events or trends, while maintaining the capacity 30 
for adaptation and learning. Having strong adaptive capacity confers resilience. 31 

Risk is the potential for consequences to develop where something of value (such as 32 
human health) is at stake and where the outcome is uncertain. Risk is often represented as 33 
the probability of the occurrence of a hazardous event multiplied by the expected severity 34 
of the impacts of that event. Risk results from the interaction of vulnerability, exposure, 35 
and hazard. A related concept, hazard, is the potential occurrence of a natural or human-36 
induced physical event or trend that may cause loss of life, injury, or other health 37 
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impacts, as well as damage and loss to property, infrastructure, livelihoods, or services. 1 
Stressors are events or trends, whether climate- or non-climate-related, that increase 2 
vulnerability to climate-related health effects (definitions adapted from IPCC, 2014). 3 

9.3.2 Factors that Contribute to Vulnerability 4 

The Social Determinants of Health Framework  5 

[Figure 2. Social Determinants of Health] 6 

Figure 2 displays the World Health Organization’s (WHO) Social Determinants of Health and 7 
Health Inequities Framework, which conceptualizes vulnerability to the health risks associated 8 
with climate change across populations of concern. This framework describes climate-related 9 
health impacts, socioeconomic and political contexts for determining health, and the context 10 
shaped by individual characteristics (such as gender, education, occupation, income, and 11 
ethnicity). The framework also shows how multiple factors, such as psychosocial factors 12 
(including a person’s network of friends and family), biological factors (such as pre-disposition 13 
to certain diseases), sense of well-being, social cohesion, and human behavior collectively 14 
determine health (CSDH 2008; Friel et al. 2008).  15 

Many of the health impacts of climate change interact with social and economic systems. By 16 
connecting these systems and the social and political forces that shape and drive them, the social 17 
determinants of health can help characterize impacts and consider interventions (such as 18 
mitigation or adaptation) that may be adopted to reduce or prevent exposures in populations of 19 
concern (Reid et al. 2012; Harlan et al. 2013; CSDH 2008).  20 

Vulnerability Factors that Contribute to Exposure  21 

Exposures to climate-related variability and change are determined by a range of factors that 22 
individually and collectively shape the nature and extent of exposures. These factors include: 23 

§ Occupation: Certain occupations can put workers at risk, particularly if they are working 24 
outdoors or are performing duties that expose them to extreme weather, such as emergency 25 
responders (Schulte and Chun 2009). 26 

§ Time spent in risk-prone locations: Where a person lives, goes to school or works, or spends 27 
leisure time can contribute to exposure. Locations that confer greater climate-related health 28 
threats include: urban areas (because of the “heat island” effect), areas where airborne 29 
allergens occur at levels that aggravate respiratory illnesses, communities experiencing 30 
depleted water supplies or vulnerable energy and transportation infrastructure, coastal and 31 
other flood-prone areas, and locations affected by drought and wildfire (Balbus and Malina 32 
2009; Uejio et al. 2011; O'Neill et al. 2008). 33 

§ Displacement by extreme weather events: People may be forced to evacuate their homes and 34 
relocate in the wake of hurricanes, floods, sea level rise, or wildfires. Others may choose to 35 
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leave their homes due to increased frequency or severity of heat waves, extreme 1 
precipitation, drought, storms, or other weather extremes (Donner and Rodriguez 2008). 2 

§ Socioeconomic status: Persons living in poverty may not have adequate resources to 3 
effectively prepare for or respond to weather emergencies (Harlan et al. 2006; Woodruff et 4 
al. 2003). 5 

§ Condition of infrastructure: Older buildings may expose occupants to increased indoor air 6 
pollutants and mold, stagnant airflow, or high indoor temperatures. Persons fleeing from 7 
flooding, wildfires, or other weather-related emergencies may be hampered by damage and 8 
destruction to transportation, utilities, medical, or communication infrastructure (Pastor et al. 9 
2006; Bullard and Wright 2009). 10 

§ Compromised mobility, cognitive function, and other mental or behavioral factors: These 11 
factors can lead to increased exposure to climate-related health impacts if people are not 12 
aware of health threats or are unable to take actions to avoid, limit, or respond to risks (CDC 13 
2013). 14 

Characterizing Biological Sensitivity  15 

The sensitivity of human communities and individuals to climate change stressors is determined, 16 
in part, by biological traits. Among those traits are the overall health status, age, and life stage. 17 
From fetus, to infant, to toddler, to child, to adolescent, to adult, to the elderly, persons at every 18 
life stage have varying sensitivity to climate change impacts (Shannon et al. 2007; Sheffield and 19 
Landrigan 2011; Balbus and Malina 2009). For instance, the relatively immature immune 20 
systems of very young children make them more sensitive to aeroallergen exposure (such as 21 
airborne pollens). In addition to life stage, people experiencing long-term chronic medical and/or 22 
psychological conditions are more sensitive to climate stressors. Persons with asthma or chronic 23 
obstructive pulmonary disease (COPD) are more sensitive to exposures to wildfire smoke and 24 
other respiratory irritants. Social and economic factors also affect disparities in the prevalence of 25 
chronic medical conditions that aggravate biological sensitivity (Frumkin et al. 2008; Keppel 26 
2007). 27 

Adaptive Capacity and Response to Climate Change 28 

Many of the same factors that contribute to exposure also influence a population’s or individual’s 29 
ability to adapt to climate variability and change. Socioeconomic status, the condition of 30 
infrastructure, the accessibility of health care, certain demographic characteristics, human capital 31 
(the skills, knowledge, and experience of a community), and other institutional resources all 32 
contribute to the timeliness or effectiveness of adaptation.   33 



USGCRP	  Climate	  and	  Health	  Assessment	   Chapter	  9:	  Populations	  of	  Concern	  
Draft	  for	  Public	  Comment	   April	  7,	  2015	  

	  

Draft	  for	  Public	  Comment.	  Do	  Not	  Cite	  or	  Quote.	   341	  

9.4  Populations of Concern 1 
9.4.1 Communities of color, Low income, Immigrants, and Limited English Proficiency 2 

Groups   3 
In the United States, populations of color, low-income groups, people with limited English 4 
proficiency (LEP), and certain immigrant groups (especially those who are undocumented) live 5 
with many of the factors (see Section 9.2.2) that contribute to vulnerability to the health impacts 6 
of climate change. These populations are at increased risk of exposure given their higher 7 
likelihood of living in risk-prone areas (such as urban heat islands or coastal and other flood-8 
prone areas), areas with older or poorly maintained infrastructure, or areas with an increased 9 
burden of air pollution (Luber and McGeehin 2008; Frey 2011; CDC 2012b; Miranda et al. 10 
2011). These groups of people also experience relatively greater incidence of chronic medical 11 
conditions, such as cardiovascular and kidney disease, diabetes, asthma, and COPD (CDC 12 
2012a, 2013; Blackwell et al. 2014), which can be exacerbated by climate-related health impacts 13 
(McGeehin and Mirabelli 2001; Luber and McGeehin 2008; Basu and Ostro 2008; Lin et al. 14 
2009; Semenza et al. 1999). Socioeconomic and educational factors, limited transportation, 15 
limited access to health education, and linguistic isolation collectively limit the ability to prepare 16 
for, respond to, and cope with existing or new health risks (Younger et al. 2008; Larson et al. 17 
2009; Semenza et al. 1999; Satia 2009; CDC 2012b; DHHS 2013; Maldonado et al. 2013a; 18 
Luber and McGeehin 2008; Knowlton et al.  2009; McMichael 2013). These populations also 19 
may have limited access to medical care and may not be able to afford medications or other 20 
treatments (DHHS 2013; Blackwell et al. 2014). For LEP and undocumented persons, high 21 
poverty rates, language and cultural barriers, and citizenship status limit access to and use of 22 
health care and other social services and make them more hesitant to seek out help (Ortega et al. 23 
2007; Fuentes-Afflick and Hessol 2009; Vargas-Bustamante et al. 2010; Maldonado et al. 2013a; 24 
Eneriz-Wiemer et al. 2014; Riera et al. 2014). 25 

The size of certain populations of concern in the United States affected by heightened 26 
vulnerability to climate-related health risks will continue to grow. Currently, Hispanics, blacks or 27 
African Americans, American Indians and Alaska Natives, Asian Americans, and Native 28 
Hawaiians and Pacific Islanders represent 37% of the total U.S. population (Humes et al. 2011; 29 
Census Bureau 2014a). By 2042, they are projected to become the majority (Census Bureau 30 
2008). People of color already constitute the majority in four states (California, Hawaii, New 31 
Mexico, and Texas) and in many cities (Census Bureau 2014a). Numbers of LEP and 32 
undocumented immigrant populations have also increased. In 2011, LEP groups comprised 33 
approximately 9% (25.3 million individuals) of the U.S. population aged five and older (Whatley 34 
and Batalova 2013). In 2010, approximately 11.2 million people in the United States were 35 
undocumented (Passel and Cohn 2011).  36 

  37 
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Vulnerability to Climate-Related Health Stressors 1 

Key climate impacts for communities of color and low-income, LEP, and certain immigrant 2 
populations include heat waves, other extreme weather events, poor air quality, food safety, 3 
infectious diseases, and psychological stressors. 4 

Extreme heat events.  Some communities of color, low-income, homeless, and immigrant 5 
populations are more exposed to heat waves (Ramin and Svoboda 2009; Shonkoff et al. 2011) as 6 
these groups often reside in urban areas affected by heat island effects (Harlan et al. 2006; Luber 7 
and McGeehin 2008; Jesdale et al. 2013; Uejio et al. 2011). In addition, these populations are 8 
likely to have limited adaptive capacity due to lack of adequately insulated housing, inability to 9 
use or to afford air conditioning, inadequate access to public shelters such as cooling centers, and 10 
access to health care (Luber and McGeehin 2008; Younger et al. 2008; Semenza et al. 1999; 11 
CDC 2011, 2013; DHHS 2013).	  These social, economic and health risk factors give rise to the 12 
observed increase in deaths and disease from extreme heat in some minority and poor 13 
populations (Basu and Ostro 2008; Luber and McGeehin 2008; Lin et al. 2009) (see also Ch. 2: 14 
Temperature-related Death and Illness).   15 

Other weather extremes. As observed during and after Hurricanes Katrina and Hurricane/Post-16 
Tropical Cyclone Sandy, populations of color and low-income people experience increased 17 
illness or injury, death, and displacement due to poor-quality housing, lack of access to 18 
transportation, inadequate health care services, and limited or no property insurance (Donner and 19 
Rodriguez 2008; Eisenman et al. 2007; Zoraster 2010; Schreiber et al. 2014).	  Adaptation 20 
measures can reduce or eliminate these disparities, but may not be readily available or affordable 21 
(Weisskopf et al. 2002; Eisenman et al. 2007; Donner and Rodriguez 2008; Zoraster 2010; 22 
Thethi et al. 2010; McMichael 2013; Joseph et al. 2014; Schreiber et al. 2014) (see also Ch. 7: 23 
Extreme Weather). 24 

Degraded air quality. Climate change impacts on outdoor air quality will increase exposure in 25 
urban areas where large proportions of minority, low income, homeless, and immigrant 26 
populations reside (see also Ch. 3: Air Quality). Fine particulate matter (PM) and ozone levels 27 
already exceed National Ambient Air Quality Standards in many urban areas (EPA 2010, NRC 28 
2010a, CDC 2011, Miranda et al. 2011). Given their relatively higher rates of cardiovascular and 29 
respiratory diseases in low-income urban populations (CDC 2011, 2012a; Blackwell et al. 2014), 30 
these populations are more sensitive to declines in air quality, resulting in increases in illness, 31 
hospitalization, and premature death (Pope and Dockery 1999; Donaldson et al. 2000; Leikauf 32 
2002; Peden 2002; Pope et al. 2002; Gwynn and Thurston 2001; Finkelstein et al. 2003; 33 
Reynolds 2003; Lin et al. 2008). In addition, climate change can contribute to increases in 34 
aeroallergens, which exacerbate asthma (see also Ch. 3: Air Quality), an illness that is relatively 35 
more common among some communities of color and low-income groups.  36 

Waterborne and vectorborne diseases. Climate change may increase exposure to waterborne 37 
pathogens that cause a variety of illnesses—most commonly gastrointestinal illness and diarrhea 38 
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(see also Ch. 5: Water-Related Illness). Illness risk increases in crowded shelter conditions 1 
following floods or hurricanes (Alderman et al. 2012), which suggests that some low-income 2 
groups living in crowded housing (particularly prevalent among foreign-born or Hispanic 3 
populations) (HUD 2007) may face increased exposure risk. Substandard or deteriorating water 4 
infrastructure (including sewerage, drainage, and storm water systems, and drinking water 5 
systems) in both urban and rural low-income areas also contribute to increased exposure risk 6 
(Abara et al. 2012; Hennesy et al. 2008). Because of poor housing conditions and other 7 
socioeconomic factors, some populations of color and low-income populations may be at 8 
increased risk for exposure to diseases carried by vectors such as fleas, ticks, and mosquitoes 9 
(Ramos et al. 2008) (see also Ch. 4: Vectorborne diseases).  10 

Food safety and security. Climate change may affect food safety and is projected to reduce the 11 
nutritional content of some crops, like wheat and soy (see also Ch. 6: Food Safety). Populations 12 
of color and low-income populations are more likely to be affected because they spend a 13 
relatively larger portion of their household income on food than more affluent households. These 14 
groups often suffer from poor quality diets and limited access to full-service grocery stores that 15 
provide healthy and affordable dietary choices (Powell et al. 2007; Larson et al. 2009; Satia 16 
2009; Coleman-Jensen et al. 2012).   17 

Psychological stress. Some communities of color, low-income populations, immigrants, and 18 
LEP groups are more likely to experience long-term stress-related mental health impacts, 19 
particularly during and after extreme weather events (see Ch. 8: Mental Health). This is due to 20 
barriers in accessing and affording mental health care, including counseling in native languages 21 
and the availability and affordability of medications (DHHS 2001; Weisler et al. 2006). 22 

9.4.2 Indigenous Peoples in the United States 23 
A number of health risks are higher among Indigenous populations, such as alcohol abuse, 24 
suicide, infant/child mortality, poor mental health related to historical or personal trauma, 25 
environmental exposures from pollutants or toxic substances, and diabetes caused by inadequate 26 
or improper diets (Espey et al. 2014; Wong et al. 2014; Hoover et al. 2012; Evans-Campbell 27 
2008; Sarche and Spicer 2008; Milburn 2004). Because of existing vulnerabilities, Indigenous 28 
persons, especially those who are dependent on the environment for sustenance or who live in 29 
geographically isolated or impoverished communities, are likely to experience higher exposure 30 
and lower resilience to climate-related health effects. Indigenous Arctic communities have 31 
already experienced difficulty adapting to climate change effects such as reductions in sea ice 32 
thickness, changes in permafrost distribution, increases in coastal erosion (Ford et al. 2014; 33 
Hinzman et al. 2005; Laidler et al. 2009; Wang and Overland 2012) and landslide frequency 34 
(Crozier 2010) and, alterations in the range of some fishes (Babaluk et al. 2000), increased 35 
weather unpredictability (Ford and Smit 2004), and northward advance of the tree line (Weller et 36 
al. 1999). These climate changes have disrupted traditional hunting and subsistence practices and 37 
may threaten infrastructure such as housing, transportation, and pipelines (Ford and Smit 2004), 38 
which may force relocation of villages (Ruckelshaus et al. 2013).         	  39 
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Food safety and security. Examples of how climate changes can affect Indigenous peoples’ 1 
health include: changes in the abundance and nutritional quality of certain foodstuffs, such as 2 
berries for Alaska Native communities (Kellogg et al 2010); declining moose populations in 3 
Minnesota (Lenarz et al 2009); rising temperatures and lack of available water for farming 4 
among Navajo people (Redsteer et al. 2011a); and declines in traditional rice harvests among the 5 
Ojibwe in the Upper Great Lakes region (Cheruvelil and Barton 2013). Traditional foods and 6 
livelihoods are embedded in Indigenous cultural beliefs and subsistence practices (Donatuto et al 7 
2014; Egeland and Harrison 2013; Lynn et al 2013; Donatuto et al 2011; Turner and Clifton 8 
2009; Turner et al. 2008; Garibaldi and Turner 2004). Climate impacts on traditional foods may 9 
result in poor nutrition and increased obesity and diabetes (Kuhnlein et al. 2004).  10 

Changes in aquatic habitats and species affect subsistence fishing (Moerlein and Carothers 11 
2012). Rising temperatures affect water availability. Lower oxygen levels in freshwater and 12 
seawater degrades water quality and promotes the growth of disease-causing bacteria, viruses, 13 
and parasites (Melillo et al. 2014). Warming can exacerbate shellfish disease and make mercury 14 
more readily absorbed in fish tissue. Mercury exposure adversely affects people, particularly 15 
during the prenatal stage (Cozzetto et al. 2013: Booth and Zeller 2005). In addition, oceans are 16 
becoming more acidic as they absorb carbon dioxide from fossil fuel burning and other sources, 17 
which can lower shellfish survival (Melillo et al. 2014). This affects Indigenous peoples on the 18 
West and Gulf Coasts and Alaska Natives whose livelihoods depend on shellfish harvests 19 
(Lewitus et al. 2012). Rising sea levels will also destroy fresh and saltwater habitats that some 20 
Indigenous peoples located along the Gulf Coast rely upon for subsistence food (Carter et al. 21 
2014). 22 

Water security. Indigenous peoples may lack access to water resources and to adequate 23 
infrastructure for water treatment and supply. A significant number of Indigenous persons living 24 
on remote reservations lack indoor plumbing and rely on unregulated water supplies that are 25 
vulnerable to drought, changes in water quality, and contamination of water in local systems 26 
(EPA 2008; Redsteer et al. 2011a). Existing infrastructure may be poorly maintained or in need 27 
of significant and costly upgrades (TWWG 2012). Heavy rainfall events and warm temperatures 28 
have been linked to diarrheal outbreaks and bacterial contamination of water sources (see Ch. 5: 29 
Water-Related Illness). Acute diarrheal disease has been shown to disproportionately affect 30 
children on the Fort Apache reservation in Arizona (Sack et al. 1995), and result in higher overall 31 
hospitalization rates for American Indian/Alaska Native infants (Singleton et al. 2007). Increased 32 
extreme precipitation and potential increases in cyanobacterial blooms (see Ch 5: Water-Related 33 
Illness) are also expected to stress existing water infrastructure on tribal lands and increase 34 
exposure risk to waterborne pathogens (Doyle et al. 2013; Cozzetto et al. 2013).  35 

Loss of cultural identity. Climate change threatens sacred ceremonial and cultural practices 36 
through changes in the availability of culturally relevant plant and animal species (Maldonado et. 37 
al 2013b; Doyle et al. 2013). Impacts of climate change may compound historical impacts 38 
associated with colonialism. Loss of tribal territory and disruption of cultural resources and 39 
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traditional ways of life (Hodge and Limb 2010; Hodge et. al 2009) lead to loss of cultural 1 
identity (Cunsolo Willox et al. 2012, 2013, 2015). The loss of medicinal plants due to climate 2 
change may leave ceremonial and traditional practitioners without the resources they need to 3 
practice traditional healing (Redsteer et al. 2015). As more young people leave the reservation 4 
for better school and employment opportunities, these relocations may reduce interactions across 5 
generations and undermine the sharing of traditional knowledge, tribal lore, and oral history 6 
(Alessa et al. 2008; ACIA 2004).  7 

Degraded infrastructure and other impacts. Rising temperatures may damage transportation 8 
infrastructure on tribal lands. Changing ice or permafrost conditions, flooding, and drought-9 
related dust storms may block roads and cut off communities from access to evacuation routes 10 
and emergency medical care or social services (Redsteer et al. 2011b). Poor air quality from 11 
blowing dust affects southwestern Indigenous communities, particularly in Arizona and New 12 
Mexico, and is likely to worsen with drought conditions (Draut et al. 2013). Exposure to 13 
impaired air quality also affects Indigenous communities, especially those downwind from urban 14 
areas or industrial centers. 15 

9.4.3 Children and Pregnant Women  16 
Children are uniquely vulnerable to adverse health effects associated with environmental 17 
exposures due to factors related to their immature physiology and metabolism. Children pass 18 
through a series of windows of vulnerability that begin in the womb and continue through their 19 
second decade of life. Children have a proportionately higher intake of air, food, and water for 20 
their body weight compared to adults (Shannon et al. 2007). They also share unique behaviors 21 
and interactions with their environment that may increase their exposure (Sheffield and 22 
Landrigan 2011). There is, however, large variation in vulnerability among children at different 23 
life stages due to differing physiology and behaviors (Figure 3). Research findings are pointing 24 
to a number of ways in which climate change may exacerbate existing health problems based on 25 
the exposure, other socioeconomic factors, and the developmental stage of the child (Balbus and 26 
Malina 2009; Bernstein and Myers 2011; Sheffield and Landrigan 2011; Xu et al. 2012a, 2012b). 27 

[Figure 3. Children at Different Lifestages Experience Unique Vulnerabilities to Climate 28 
Change] 29 

Vulnerability to Climate-Related Health Stressors  30 
Extreme heat events. An increase in the frequency and intensity of extreme heat events (see Ch. 31 
2: Temperature-related Death and Illness) will affect those children who spend significant time 32 
outdoors. Student athletes are susceptible to heat-related illnesses when they practice outside in 33 
hot and humid weather and may be poorly acclimated to physical exertion in the heat. Some 34 
9,000 high school athletes in the United States are treated for exertional heat illness (such as heat 35 
stroke and muscle cramps) each year, with the greatest risk among high school football players 36 
(CDC 2010; Kerr et al. 2013). This appears to be a worsening trend. Between 1997 and 2006, 37 
emergency department visits for all heat-related illness increased 133% and youth made up 38 
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almost 50% of those cases (Nelson et al. 2011). In the last decade, the number of deaths due to 1 
heat stroke has doubled among U.S. high school and college football players (Gottschalk and 2 
Andrish 2011). 3 

Other weather extremes. Climate change is likely to affect the mental health and well-being of 4 
children, primarily by increasing exposure to traumatic weather events that result in injury, 5 
death, or displacement. In the United States, more than 10% of children ages 2 to 17 are expected 6 
to experience a disaster (fire, tornado, flood, hurricane, or earthquake) during childhood (from 7 
infancy to 18 years of age) (Becker-Blease et al. 2010). Exposures to traumatic events can 8 
impact children’s capacity to regulate emotions, undermine cognitive development and academic 9 
performance, and contribute to Post-traumatic Stress Disorder (PTSD) and other psychiatric 10 
disorders (such as depression, anxiety, phobia, and panic) (Fairbank et al. 2014). Children’s 11 
ability to cope with disasters is affected by factors such as socioeconomic status, available 12 
support systems, and timeliness of treatment. Negative mental health effects in children, if 13 
untreated, can extend into adulthood (Fairbank et al. 2014).  14 

Degraded air quality. Several factors make children more sensitive to the effects of respiratory 15 
hazards, including lung development that continues through adolescence, the size of the child’s 16 
airways, their level of physical activity, and body weight. Climate change has the potential to 17 
affect future ground-level ozone concentrations, particulate matter concentrations, and levels of 18 
some aeroallergens (see Ch. 3: Air Quality Impacts). Ground-level ozone and particulate matter 19 
are associated with increases in asthma episodes and other adverse respiratory effects in children 20 
(Strickland et al. 2010; Parker et al 2009; Ostro et al. 2009). Nearly seven million, or about 9%, 21 
of U.S. children suffer from asthma (Bloom et al. 2013). Asthma accounts for 10 million missed 22 
school days each year (Eder et al. 2006). Particulate matter such as dust and emissions from coal-23 
fired electricity generation plants (see Air Quality Chapter) is also associated with decreases in 24 
lung maturation in children (Gauderman et al. 2004).  25 

Changes in climate also contribute to longer, more severe pollen seasons that may be associated 26 
with increases in childhood asthma episodes and other allergic illnesses (see Ch. 3: Air Quality 27 
Impacts).Children may also be exposed to indoor air pollutants which include both particulate 28 
matter originating outdoors as well as indoor sources such as tobacco smoke and mold 29 
(McCormack et al. 2009). In addition, high outdoor temperatures may increase the amount of 30 
time children spend indoors. 31 

Waterborne illnesses. Climate change induced increases in heavy rainfall, flooding, and coastal 32 
storm events are expected to increase children’s risk of gastrointestinal illness from ingestion of 33 
or contact with contaminated water (Lane et al. 2013; Xu et al. 2012b; Bernstein and Myers 34 
2011; Kistin et al. 2010). An increased association between heavy rainfall and increased acute 35 
gastrointestinal illness has already been observed in children in the United States (Drayna et al. 36 
2010, see also Ch. 5. Water-related Illness). Increases in reports of swimming-related diarrheal 37 
disease (CDC 2012c) and eye and ear infections from the waterborne bacteria Vibrio 38 
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alginolyticus (Dechet et al. 2008) suggest that children are especially vulnerable to recreational 1 
exposures to waterborne pathogens (see Ch. 5. Water-related Illness). In part this is due to the 2 
fact that on average, children swallow twice as much water as adults while swimming (McBride 3 
et al. 2013).  4 

Vectorborne diseases. Tick-borne infections, such as Lyme disease and Rocky Mountain Spotted 5 
Fever, disproportionately affect children who spend a large amount of time outdoors (Bryant and 6 
Marshall 2000). Climate change is potentially driving the increasing prevalence and exposure to 7 
diseases spread by ticks and mosquitos, as the length of warm seasons and the habitat suitable for 8 
these vectors expands or shifts (see Ch. 4: Vectorborne Disease) (Ogden et al. 2014; Openshaw 9 
et al. 2010). 10 

Food safety and security. Changes in food availability and quality related to climate change are 11 
likely to have significant impacts on children. Food insecurity already affects more than 20% of 12 
U.S. households with children (Coleman-Jensen et al. 2012). Children living in such households 13 
are more likely to have poor health status, to have been hospitalized at some time since birth, and 14 
to have increased developmental risk compared with food-secure families (Hager et al. 2010). 15 
Climate change may decrease crop yields, affecting supplies (Brown 2014) and decreasing 16 
calories for children and decreases in the nutritional quality of common foods such as wheat and 17 
rice (see Ch. 6: Food Safety) (Nelson et al. 2009; Ziska 2014).  18 

Vulnerability Related to Life Stage 19 

Prenatal and pregnancy outcomes for mothers and babies. Pregnancy, the developing fetus, 20 
and newborns are considered some of the most vulnerable life stages to environmental 21 
exposures, including climate-sensitive exposures such as changing patterns in food-, waterborne, 22 
and vectorborne diseases; poor air quality; increasing frequency and severity of extreme heat; 23 
and some extreme weather events. Climate-related exposures may lead to several adverse 24 
pregnancy and newborn health outcomes, including spontaneous abortion, low birth weight (less 25 
than 5.5 pounds), preterm birth (birth before 37 weeks of pregnancy), increased neonatal death, 26 
dehydration and associated renal failure, malnutrition, diarrhea, and respiratory disease 27 
(Rylander et al. 2013; Sheffield and Landrigan 2011). Other climate-related risk factors that may 28 
influence maternal and newborn health include water scarcity, worsened poverty, and population 29 
displacement (Rylander et al. 2013; Sheffield and Landrigan 2011). Relatively high preterm birth 30 
rates (that is 1 of every 9 infants born) occur in the United States (CDC 2015), where they 31 
contribute substantially to neonatal death and illness. Of the 1.2 million preterm births estimated 32 
to occur annually in high-income countries, more than 500 thousand (42% of the total) occur in 33 
the United States (March of Dimes et al. 2012). Extreme heat events have been associated with 34 
adverse birth outcomes such as low birth weight, preterm birth and infant mortality (Basu et al. 35 
2010; Kent et al. 2014; Strand et al. 2011), as well as congenital cataracts (Van Zutphen et al. 36 
2012). Epidemiological evidence examining seasonality of birth outcomes and the impact of 37 
prenatal exposure to ambient temperature indicates that temperature extremes may be a risk 38 
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factor for preterm birth, stillbirth, and low birth weight (Strand et al. 2011; Rylander et al. 2013). 1 
Newborns are especially sensitive to ambient temperatures that are too high or too low because 2 
of limited temperature regulatory capacity (Polin et al. 2011).  3 

In addition, exposure of mothers to inhaled particulate matter is associated with negative birth 4 
outcomes (Choi et al 2008; Makri and Stilianakis 2008; Jayachandran 2009; Ritz et al. 2007; 5 
Dejmek et al. 1999; AAP 2004). Incidences of diarrheal diseases and dehydration may increase 6 
in extent and severity, which could be associated with adverse effects on pregnancy outcomes 7 
and the health of newborns (Rylander et al. 2013). Floods are associated with an increased risk of 8 
maternal exposure to environmental toxins and mold, reduced access to safe food and water, 9 
psychological stress, and disrupted health care. Other flood-related health outcomes for mothers 10 
and babies include maternal risk of anemia (a condition associated with low red blood cell counts 11 
sometimes caused by low iron intake) and eclampsia (a condition that can cause seizures in 12 
pregnant women), and spontaneous abortion (Callaghan et al. 2007; Tees et al. 2010; Hamilton et 13 
al. 2009; Harville et al. 2009).  14 

Infants and toddlers. Infants and toddlers are particularly sensitive to air pollutants, extreme 15 
heat, and microbial water contamination, which are all affected by climate change. Ozone 16 
exposure in young children and exposure to air pollutants and toxins in wildfire smoke are 17 
associated with increased asthma risk and other respiratory illnesses (Lin et al. 2008; Bernstein 18 
and Myers 2011). Young children and infants are particularly vulnerable to heat-related illness 19 
and death, as their bodies are less able to adapt to heat than are adults (Basu and Ostro 2008; 20 
Basu 2009; Yip et al. 2008; Knowlton et al. 2009; Xu et al. 2012b). Children under four years 21 
record higher hospital admissions for respiratory illnesses during heat waves (Green et al. 2010). 22 
Rates of diarrheal illness have been shown to be higher in children under five in the United 23 
States (Imhoff et al 2004), and climate change is expected to increase children’s risk of 24 
gastrointestinal illness from ingestion or contact with contaminated water (Lane et al. 2013; Xu 25 
et al. 2012b; Bernstein and Myers 2011; Kistin et al. 2010, see also Ch. 5: Water-related Illness). 26 

9.4.4 Older Adults 27 
Older adults (generally defined as persons aged 65 and older) are vulnerable to the health 28 
impacts associated with climate change and weather extremes. A number of factors contribute to 29 
their vulnerability, including higher prevalence of certain preexisting medical conditions, 30 
functional and cognitive limitations, greater sensitivity to extreme heat, vulnerability incurred by 31 
location and conditions of local infrastructure, and the potential for social isolation and limited 32 
financial resources that make responding to emergent events and accessing health care more 33 
difficult or costly (Balbus and Malina 2009; Filiberto et al. 2010; NRC 2010b; Wang et al. 34 
2010). 35 

The number of older adults in the United States is projected to grow substantially in the coming 36 
decades. In 2010, older adults (65 and older) made up 13% of the U.S. population, but are 37 
projected to account for 20% in 2040 (Census Bureau 2014b). The group referred to by the 38 
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Census Bureau as the “oldest old,” (people 85 and older) currently comprises 1.5% of the U.S. 1 
population, a number projected to grow to 5% in 2040 (Census Bureau 2014b). This projected 2 
population growth is largely due to the aging of the Baby Boomer generation (an estimated 76 3 
million people born in the United States between 1946 and 1964), along with increases in 4 
lifespan and survivorship (Gamble et al. 2013). Older adults in the United States are by no means 5 
uniform with regard to their climate-related vulnerabilities, but are a diverse group with distinct 6 
subpopulations that can be identified not only by age but also by race, educational attainment, 7 
socioeconomic status, social support networks, overall physical and mental health, and functional 8 
disability (Luber and Prudent 2009; NRC 2010b). 9 

Vulnerability to Climate-Related Health Stressors 10 
A range of potential health impacts for older adults, include: rising temperatures and heat waves; 11 
increased risk of more intense hurricanes (Categories IV and V), floods, droughts, and wildfires; 12 
degraded air quality; exposures to infectious diseases; and other climate-related hazards (Melillo 13 
et al. 2014).  14 

Extreme heat events. Older adults exposed to extreme heat can experience multiple adverse 15 
effects (O’Neill and Ebi 2009). In the coming decades, extreme heat events are projected to 16 
become more frequent, more intense, and of longer duration, especially in higher latitudes and 17 
large metropolitan areas (Luber and McGeehin 2008; O’Neill et al. 2009). Between 1979 and 18 
2004, 5,279 deaths were reported in the United States related to heat exposure, with those deaths 19 
reported most commonly among older adults aged 65 and older (Thacker et al. 2008). Disease 20 
incidence among older adults is expected to increase even in regions with relatively modest 21 
temperature changes (as demonstrated by case studies of a 2006 California heat wave) 22 
(Knowlton et al. 2009). In New York City, extreme high temperatures were associated with an 23 
increase in hospital admissions for cardiovascular and respiratory disorders, with the elderly 24 
among the most affected. Hospital admissions for respiratory illness were greatest for the elderly, 25 
with a 4.7% increase per degree Centigrade increase (Lin et al. 2009). Long-term increases in 26 
temperature may increase the risk of death in older people with chronic conditions, particularly 27 
those suffering from congestive heart failure and diabetes (Zanobetti et al. 2012). The percentage 28 
of older adults with diabetes, which puts individuals at higher risk for heat-related illness and 29 
death, has increased from 9.1% in 1980 to 19.9% in 2009 (CDC 2011). 30 

Other weather extremes. Apart from the risks of direct physical injury or death, extreme weather 31 
events may cause secondary effects. These include: decreased availability and safety of food and 32 
water supplies; interruptions in communications, utilities, social services and health care 33 
services; and destruction or damage to homes and the built environment (Haq et al. 2008; 34 
Sanders et al. 2004). Hurricanes and other severe weather events lead to mental or emotional 35 
trauma before, during, and after the event (Cherry et al. 2010). The need to evacuate an area can 36 
pose increased health and safety risks for older adults, especially those residing in nursing or 37 
assisted living facilities. Moving patients to a sheltering facility is complicated, costly, and time 38 
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consuming and requires concurrent transfer of medical records, medications, and medical 1 
equipment (CDC 2004; Laditka et al. 2008, see also Ch. 7. Extreme Events) 2 

Degraded air quality. Climate change can affect air quality by increasing ground-level ozone, 3 
fine particulate matter, aeroallergens, and dust (see Ch. 3. Air Quality) (Laumbach 2010; Reid 4 
and Gamble 2009). Exposure to ground level ozone varies with age and can affect lung function 5 
and increase emergency department visits and hospital admissions, even for healthy adults. Air 6 
pollution can also exacerbate asthma and COPD and can increase the risk of heart attack in older 7 
adults, especially those who are also diabetic or obese (Baja et al. 2010).  8 

Vector and waterborne diseases. The abundance and distribution of some infectious disease 9 
vectors (such as fleas, mosquitoes, and ticks) may be affected by climate change. Vectorborne 10 
diseases pose a greater health risk among sensitive older adults with already compromised 11 
immune systems. Flooding can also increase the incidence of water- and foodborne illnesses. An 12 
early study from 1985 found that older adults (age 60 and older) made up approximately 25% of 13 
hospital admissions for gastroenteritis (which can cause diarrhea and vomiting) following a 14 
flooding event, but represented 85% of associated deaths (CCSP 2008). 15 

Vulnerability to Non-Climate Stressors 16 

Vulnerable locations and condition of the built environment. Older adults are particularly 17 
vulnerable to climate change related health events based on their geographic location and 18 
characteristics of their homes. More than half of the elderly U.S. adult population is concentrated 19 
in 170 counties (5% of all U.S. counties) and approximately 20% of older Americans live in a 20 
county in which a hurricane or tropical storm made landfall over the last decade (Zimmerman et 21 
al. 2007). For example, Florida is a traditional retirement destination with an older adult 22 
population of 16.8% in 2000, nearly 4% higher than the national average. The increasing severity 23 
of tropical storms may pose particular risks for older adults in coastal zones (DHHS 2009). Other 24 
geographic risk factors common to older adults, are the urban heat island effect, urban sprawl 25 
(which affects mobility), characteristics of the built environment, and perceptions of 26 
neighborhood safety (Stone et al. 2010; Browning et al. 2006). 27 

Depending on construction and amenities, housing stocks can alter exposure and reduce or 28 
exacerbate occupants’ risk of injury, illness and death. In deteriorating neighborhoods, where 29 
safety and crime are a concern, older residents may fear venturing out of their homes and, as 30 
such, live under a sort of self-imposed house arrest (Browning et al. 2006). Deteriorating 31 
infrastructure, including the condition of housing and public transportation, is associated with 32 
higher numbers of heat-related deaths in older adults. In multi-story residential buildings in 33 
which residents rely on elevators, electricity loss makes it difficult, if not impossible, for elderly 34 
residents and those with disabilities to leave the building to obtain food, medicines, and other 35 
needed services (Haq et al. 2008). Also, older adults may not utilize air conditioning during heat 36 
waves due to high operating costs (Balbus and Malina 2009; Hansen et al. 2011a, 2011b; 37 
Sheridan et al. 2009). 38 
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Vulnerability related to physiological factors. Older adults are more sensitive to weather-related 1 
events due to age-related physiological factors. Elevated risks for cardiovascular deaths related 2 
to exposure to extreme heat have been observed in older adults (Ren et al. 2011; Basu and Ostro 3 
2008). Generally poorer physical health conditions, such as long-term chronic illnesses, are 4 
exacerbated by climate change (Kovats and Hajat 2008; Conti et al. 2007; Hansen et al. 2011a, 5 
2011b). Cognitive deficits that hinder effective and timely response to climate-related health 6 
risks increase vulnerability and reduce seniors’ capacity to respond to weather emergencies 7 
(Brault 2012; Agarwal et al. 2009). In addition, aging can impair the mechanisms that control 8 
body temperature, particularly for those taking psychotropic medications (drugs used to treat a 9 
variety of mental illnesses such as depression, anxiety, and psychosis) or other drugs that 10 
interfere with regulation of body temperature (Martin-Latry et al. 2007). Respiratory 11 
impairments already experienced by older adults will be exacerbated by increased exposure to 12 
outdoor air pollutants (especially ozone and fine particulate matter), aeroallergens, and wildfire 13 
smoke—all of which may be exacerbated by climate change (Wang et al 2010; Reid and Gamble 14 
2009). 15 

Vulnerability related to functional disabilities. Some functional limitations and mobility 16 
impairments increase older adults’ sensitivity to climate change. In 2007, 42% of older adults 17 
reported one or more functional limitations, while only about 19% of the general population 18 
reported such limitations. Dementia occurs at a rate of 5% of the population at age 71 to 79 19 
years, with an increase to more than 37% at ages 90 and older (Agarwal et al. 2009). During 20 
weather emergencies, persons with mobility or cognitive impairments are likely to experience 21 
greater difficulty responding, evacuating, and recovering (Kovats and Hajat 2008).  22 

9.4.5 Occupational Groups  23 
Climate change may increase the prevalence and severity of known occupational hazards and 24 
exposures, as well as the emergence of new ones. Outdoor workers are often among the first to 25 
be exposed to the effects of climate change. Climate change is expected to affect the health of 26 
outdoor workers through increases in ambient temperature, degraded air quality, extreme 27 
weather, vectorborne diseases, industrial exposures, and changes in the built environment 28 
(Schulte and Chun 2009). Workers affected by climate change include farmers, ranchers, and 29 
other agricultural workers, commercial fishermen, construction workers, paramedics, firefighters 30 
and other first responders, and transportation workers (Lundgren 2013; Xiang et al. 2014; 31 
Spector and Sheffield 2014). Of special concern are workers who are vulnerable to the health 32 
effects of climate change based on other social and economic factors, such as migrant workers 33 
and day-laborers. For these groups, the health effects of climate change can be cumulative, with 34 
occupational exposures exacerbated by exposures that occur in the home associated with poorly 35 
insulated housing and lack of air conditioning. Workers may also be exposed to adverse 36 
occupational and climate related-conditions that the general public may altogether avoid, such as 37 
direct exposure to wildfires.   38 
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Extreme heat events. Higher temperatures or longer, more frequent periods of heat may result in 1 
more cases of heat-related illnesses (for example, heat stroke and heat exhaustion) and fatigue 2 
(Kjellstrom et al. 2009; Nilsson 2010; Gubernot et al. 2014; Xiang et al. 2014; Spector and 3 
Sheffield 2014), especially among more physically strenous outdoor occupations. Heat stress and 4 
fatigue can also result in reduced vigilance, safety lapses, reduced work capacity, loss of 5 
economic productivity, and increased risk of injury. Elevated temperatures can increase levels of 6 
air pollution, including ground-level ozone, resulting in greater exposure of outdoor workers, 7 
linked to chronic health effects including respiratory illnesses (Lundgren 2013; Spector and 8 
Sheffield 2014; Schulte and Chun 2009, see also Ch. 2: Temperature-related Death and Illness).  9 

Other weather extremes. Some extreme weather events and natural disasters, such as floods, 10 
storms, droughts, and wildfires, are becoming more frequent and intense (Melillo et al. 2014, see 11 
also Ch. 7: Extreme Weather). The need for more frequent, extensive, and complex emergency 12 
responses will expose rescue and cleanup workers to physical and psychological hazards (Noyes 13 
et al. 2009; Thacker et al. 2008). The safety of workers and their ability to recognize and avoid 14 
workplace hazards may be impaired by damage to infrastructure and communication disruption.  15 

From 2000 to 2013, almost 300 U.S. wildfire firefighters were killed while on duty (USFA 16 
2013). With the frequency and severity of wildfires projected to increase, more firefighters will 17 
be exposed. Common workplace hazards faced on the fire line include being overrun by fire (as 18 
happened during the Yarnell Hill Fire in Arizona in 2013 that killed 19 firefighters); heat-related 19 
illnesses and injuries; smoke inhalation; vehicle-related injuries (including aircraft); slips, trips, 20 
and falls; and exposure to particulate matter and other air pollutants. In addition, wildland fire 21 
fighters are at risk of rhabdomyolysis (a breakdown of muscle tissue) associated with prolonged 22 
and intense physical exertion (NIOSH 2012). 23 

Other workplace exposures to outdoor health hazards. Other climate-related health threats for 24 
outdoor workers include increased waterborne and foodborne pathogens; increased duration of 25 
aeroallergen exposure with longer pollen seasons (Bartra et al. 2007; Ziska et al. 2007); and 26 
expanded habitat ranges of disease-carrying vectors which may influence the risk of human 27 
exposure to diseases such as West Nile virus or Lyme disease (Estrada-Peña 2002, see also Ch.4: 28 
Vectorborne Diseases). 29 

Box: Case Study: Occupational safety and health hazards for U.S. Armed Forces:  30 
Vulnerability related to climate change 31 
Another emerging area of interest, but one where research is limited and key research questions 32 
remain, is the relationship between climate change and occupational safety and health hazards 33 
posed to members of the U.S. Armed Forces. The Department of Defense (DOD) recognizes that 34 
climate change will affect the operating environment, roles, and missions that the DOD 35 
undertakes both within the United States and abroad (DOD 2014, 2012, 2010). Given the varying 36 
environmental conditions in which the military operates, the DOD faces unique challenges in 37 
protecting and maintaining the health of its workforce. Climate change may increase the 38 
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frequency, scale, and complexity of future missions, including humanitarian assistance and 1 
disaster response (DOD 2014), and may increase service members’ exposure to climate-related 2 
health threats. 3 

The most common non-combat related health problems during military deployment include 4 
gastrointestinal illness and vectorborne, zoonotic, or parasitic infections (see Ch. 4: Vectorborne 5 
Diseases) (Leggat 2010; Murray et al. 2007; Aronson et al. 2006). During operations in hot 6 
climates, heat-related injuries among military personnel are common (Korzeniewski 2008). The 7 
Armed Forces Health Surveillance Center (AFHSC) tracks diseases and other conditions to 8 
protect the health of military personnel. AFHSC established guidelines for mandatory reporting 9 
of 66 “reportable medical events,” which are conditions that may represent a significant threat to 10 
public health and military operations (AFHSC 2012). Many of the Armed Forces reportable 11 
events overlap with health threats discussed elsewhere in this report, including heat illness and 12 
cold weather injuries; gastrointestinal illnesses such as giardiasis and cholera; and vectorborne, 13 
zoonotic, and tropical diseases such as Lyme disease, brucellosis, and dengue fever, respectively.  14 

--end box-- 15 

9.4.6 Persons with Functional Limitations/Disability and Limited Mobility or Cognitive 16 
Capacity  17 

Disability refers to functional impairments, activity limitations, or restrictions in a person’s 18 
participation in normal life activities such as school, work, or recreation. The term “disability” 19 
subsumes a wide variety and range of functional limitations related to expressive and receptive 20 
communication, vision, cognition, and freedom of movement and behavior that, if not anticipated 21 
and accommodated before, during, and after emergency weather events, can result in illness and 22 
death (Kailes & Enders 2007). The extent of disability, or its severity, is reflected in the affected 23 
person’s need for environmental accessibility and accommodations for their impairment(s) 24 
(WHO 2001). Functional impairments affect movement, vision, hearing, speech, cognition, and 25 
socially acceptable behaviors.  26 

Disability can occur at any age and is not uniformly distributed across populations. Disability 27 
varies by sex, race, ethnicity, and geographic location (NCHS 2014). In the United States in 28 
2010, there were approximately 34.9 million non-institutionalized people of all ages with a 29 
severe disability and an additional 19.5 million with a less severe disability (Brault 2012). 30 
Working-age adults with disabilities are substantially less likely to participate in the labor force 31 
(31.4%) than people without disabilities (76.2%) and experience twice the rate of unemployment 32 
(14.7% and 7.2%, respectively) (BLS 2014).     33 

People with disabilities experience disproportionately higher rates of social risk factors, such as 34 
poverty and lower educational attainment that contribute to poorer health outcomes during 35 
extreme weather or climate-related emergencies (CDC 2013). These factors compound the risks 36 
posed by functional impairments and disrupt planning and emergency response. Of the climate-37 
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related health risks experienced by people with disabilities, perhaps the most fundamental is their 1 
“invisibility” to decision makers and planners (Wolbring & Leopatra 2012). Limited research 2 
documents how people with disabilities fare during or after a disaster (for example, Lemyre et al. 3 
2009).  4 

An increase in extreme weather events can be expected to disproportionately affect populations 5 
with disabilities unless emergency planners make provisions to address their functional 6 
limitations in preparing emergency response plans. In 2005, Hurricane Katrina had a significant 7 
and disproportionate impact on people with disabilities. Of the 986 deaths directly attributable to 8 
the storm, 103 occurred among individuals in nursing homes, presumably with a disability 9 
(Brunkard et al. 2008). In the aftermath of Hurricane Sandy, the City of New York lost a lawsuit 10 
(Case 1.11-cv-06690-JMF, 2013) filed by the Brooklyn Center of the Disabled, with the finding 11 
that the city had not adequately prepared to accommodate the social and medical support needs 12 
of New York residents with disabilities. 13 

Risk communication is not always designed or delivered in an accessible format or media for 14 
individuals who are deaf or have hearing loss, who are blind or have low vision, or those with 15 
diminished cognitive skills (Lazrus et al. 2012; Nick et al. 2009). Emergency communication and 16 
other important notifications (such as a warning to boil contaminated water) simply may not 17 
reach persons with disabilities. In addition, persons with disabilities often rely on medical 18 
equipment (such as portable oxygen) that requires a continuous source of electricity. Portable 19 
oxygen supplies must be evacuated with the patient (Jan and Lurie 2012).  20 

9.4.7 Persons with Chronic Medical Conditions  21 
Pre-existing medical conditions present risk factors for increased illness and death associated 22 
with climate-related stressors, especially exposure to extreme heat. In some cases, risks are 23 
mediated by the physiology of specific medical conditions that may impair responses to heat 24 
exposure. In other cases, the risks are related to unintended side effects of medical treatment that 25 
may impair body temperature, fluid, or electrolyte balance and thereby increase risks. Trends in 26 
the prevalence of chronic medical conditions are summarized in Table 1 in the Introduction 27 
chapter. In general, the prevalence of common chronic medical conditions, including 28 
cardiovascular disease, respiratory disease, diabetes, asthma, and obesity, is anticipated to 29 
increase over the coming decades (CDC 2014) (see Ch. 1: Introduction), resulting in larger 30 
populations at risk of medical complications from climate change related exposures. 31 

Excess heat exposure has been shown to increase the risk of disease exacerbation or death for 32 
people with various medical conditions. Hospital admissions or emergency room visits are 33 
increased during heat waves for people with diabetes, cardiovascular diseases, respiratory 34 
diseases, and psychiatric illnesses (Schifano et al. 2009; Hansen et al. 2008; Ostro et al. 2010; 35 
Knowlton et al. 2009; Green et al. 2010; Basu 2009; Astrom et al. 2011; Kravchenko et al. 36 
2013). Medical conditions like Alzheimer’s disease or mental illnesses can impair judgment and 37 
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behavioral responses in crisis situations, which can place people with those conditions at greater 1 
risk (Hansen et al. 2011b).  2 

Medications used to treat chronic medical conditions are associated with increased risk of 3 
hospitalization, emergency room admission, and in some cases, death from extreme heat. These 4 
medicines include drugs used to treat neurologic or psychiatric conditions, such as anti-psychotic 5 
drugs, anti-cholinergic agents, anxiolytics (anti-anxiety medicines), and some antidepressants 6 
(such as selective serotonin reuptake inhibitors or SSRIs) (Martin-Latry 2007; Stollberger et al. 7 
2009; Nordon et al. 2009). (See also Ch. 8: Mental Health and Well-Being) In addition, drugs 8 
used to treat cardiovascular diseases, such as diuretics and beta-blockers, may impair resilience 9 
to heat stress (Hausfater et al. 2009; Stolleberger et al. 2009). 10 

People with chronic medical conditions also can be more vulnerable to interruption in treatment. 11 
For example, interrupting treatment for patients with addiction to drugs or alcohol may lead to 12 
withdrawal syndromes (Miller and Arquilla 2008; Tofighi et al. 2014; Carlisle Maxwell et al. 13 
2009).  Treatment for chronic medical conditions represents a significant proportion of post-14 
disaster medical demands (Jhung et al. 2007). Communities that are both medically underserved 15 
and have a high prevalence of chronic medical conditions can be especially at risk (Davis et al. 16 
2010).  While most studies have assessed adults, and especially the elderly, with chronic medical 17 
conditions, children with medical conditions such as allergic and respiratory diseases are also at 18 
greater risk of symptom exacerbation and hospital admission during heat waves (Xu et al. 19 
2012a).  20 

9.5   Measures of Vulnerability and Mapping 21 
Vulnerability associated with exposures to climate related hazards is closely tied to place. While 22 
an understanding of the individual-level factors associated with vulnerability is essential to 23 
assessing population risks and considering possible protective measures, understanding how 24 
vulnerable people are situated geographically with respect to potential exposures is critical for 25 
designing and implementing appropriate adaptations. Analytic capabilities provided by mapping 26 
tools allow public health and emergency response workers to consider multiple types of 27 
vulnerability and how they interact with place. The development of indices that combine 28 
different elements of vulnerability and allow visualization of areas and populations experiencing 29 
the highest risks is related to improved GIS capabilities. 30 

9.5.1 Approaches to Assessing Vulnerability 31 
Methods to assess and measure vulnerability to climate change in populations of concern are 32 
grounded in approaches that utilize both quantitative and qualitative methods. Quantitative 33 
vulnerability assessments typically analyze vulnerability across large areas, such as state or 34 
multi-state regions. Qualitative approaches are often more time- and resource-intensive and 35 
typically focus on small areas such as households within a county or several counties within a 36 
state. A qualitative vulnerability assessment may involve conducting surveys on the resilience of 37 
health infrastructure to provide insight regarding underlying social processes (WHO 2013).  38 



USGCRP	  Climate	  and	  Health	  Assessment	   Chapter	  9:	  Populations	  of	  Concern	  
Draft	  for	  Public	  Comment	   April	  7,	  2015	  

	  

Draft	  for	  Public	  Comment.	  Do	  Not	  Cite	  or	  Quote.	   356	  

[Figure 4. Mapping Social Vulnerability] 1 

There are multiple approaches for developing vulnerability indices to identify populations of 2 
concern. The Social Vulnerability Index (SVI), developed by the Centers for Disease Control 3 
and Prevention (CDC) aggregates U.S. Census data to estimate the social vulnerability of census 4 
tracts (which are generally subsets of counties) (Figure 4). The SVI provides a measure of 5 
overall social vulnerability in addition to measures of elements that comprise social vulnerability 6 
(including socioeconomic status, household composition, race, ethnicity and language, and, 7 
housing/transportation). Each census tract receives a separate ranking for overall vulnerability 8 
and for each of the four elements, which are available at the census tract level for the entire 9 
United States. A similar methodology has been used to develop a vulnerability index for climate-10 
sensitive health outcomes which, in addition to socioeconomic data, incorporate data on climate-11 
related exposure and adaptive capacity (Manangan et al. 2014). 12 

9.5.2 Application of Vulnerability Indices 13 
Geographic Information Systems (GIS)—data management systems used to capture, store, 14 
manage, retrieve, analyze, and display geographic information—can be used to quantify and 15 
visualize factors that contribute to climate-related health risks. By linking together census data, 16 
data on the determinants of health (social, environmental, pre-existing health conditions), 17 
measures of adaptive capacity (such as health care access), and climate data, GIS mapping helps 18 
identify and position resources for at-risk populations (CSDH 2008; Friel et al. 2008; Gubler et 19 
al. 2001; Smit et al. 2001; Turner et al. 2003; Manangan et al. 2014). For instance, heat-related 20 
illnesses have been associated with social isolation in older adults, which can be mapped by 21 
combining data for persons living alone (determinants of health data), distribution of people aged 22 
65 and older (census data), and frequency and severity of heat waves (climate data).  23 

Vulnerability mapping can also enhance emergency and disaster risk management. (Blaikie et al. 24 
1994; Hutton 2010). Vulnerability mapping conducted at finer spatial resolution (for example, 25 
census tracts or census blocks) allows public health departments to target vulnerable 26 
communities for emergency preparedness, response, recovery, and mitigation (Keim 2008). 27 
During the preparedness phase, vulnerability mapping can be used to identify vulnerable groups 28 
who are less likely to be prepared and most likely to need response support (Keim 2008). In the 29 
mitigation phase, vulnerability mapping can be used to determine optimal locations for 30 
emergency shelters and to develop planning and policies to address risks (Hutton 2010). During 31 
the response phase, vulnerability mapping can be used to determine resource allocation, to 32 
prioritize responses, and to tailor emergency communication. During the recovery phase, 33 
vulnerability mapping can identify populations that are least resilient to determine those who 34 
have experienced a debilitating impact. In each phase, the geographic characteristics of 35 
vulnerability can be used to determine where to position response resources (Blaikie et al. 1994; 36 
Keim 2008; Hutton 2010). 37 
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Emergency response agencies can apply lessons learned by mapping prior events. For example, 1 
vulnerability mapping has been used to assess how social disparities affected the geography of 2 
recovery in New Orleans following Hurricane Katrina (Finch et al. 2010). Maps displaying the 3 
intersection of social vulnerability (low, medium, high scores) and flood inundation (none, low, 4 
medium, high levels) showed that while the physical manifestation of the disaster had few race 5 
or class distinctions, the social vulnerability of communities influenced both pre-impact 6 
responses, such as evacuation, and post-event recovery (Finch et al. 2010). As climate change 7 
increases the probability of more frequent or more severe extreme weather events, vulnerability 8 
mapping is an important tool for preparing and responding to health threats. 9 

Box: Case Study: Mapping Heat Vulnerability in Georgia 10 
The CDC conducted a case study of heat-related vulnerability in Georgia using data from 2002 11 
to 2008. This climate and health vulnerability assessment, which identifies people and places that 12 
are most susceptible to hazardous exposures from climate change, uses GIS to overlay six maps 13 
depicting population-level sensitivity (poverty levels, elderly people living alone, pre-existing 14 
health conditions, and people living in urban areas), adaptive capacity (a measure of access to 15 
healthcare), and exposure (a measure of heat events). The study found that vulnerability to heat-16 
related illness in Georgia extends beyond urban zones. In fact, areas located in the southern 17 
portion of Georgia, which is more rural, experienced more hazardous heat events, had less access 18 
to health care, and had a higher percentage of people living alone. These types of studies allow 19 
researchers to use GIS to identify vulnerable communities, which can aid in the development of 20 
health interventions and other adaptations (Manangan et al. 2014).  (Figure 5) 21 

[Figure 5. Mapping Communities Vulnerable to Heat in Georgia] 22 

--end box-- 23 

9.6   Research Needs  24 
Research is needed to understand how and to what extent vulnerable groups of people are faced 25 
with health risks associated with climate change. Research needs may include the following: the 26 
characterization of interactions between climate and non-climate health stressors; the use of 27 
mapping to assess human health impacts that utilize methods to improve geospatial modeling 28 
techniques designed to target services for affected populations; the utilization of alternative 29 
climate, land use, and demographic scenarios to project future health impacts; the 30 
characterization of tipping points or thresholds for which low-likelihood events may result in 31 
high-impact outcomes; and finally, the estimation of direct and indirect costs associated with 32 
alternative adaptation strategies. 33 

  34 

  35 
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9.7  Traceable Accounts 1 
Process for Developing Key Findings 2 
The Key Findings were developed by the Populations of Concern chapter author team, following 3 
detailed discussions and expert deliberation across a series of author conference calls 4 
(approximately ten meetings from May through November 2014) and during the discussions that 5 
took place at the all authors’ meeting and expert consultation in Washington DC during 6 
September 2014. The Populations of Concern chapter authors include two Lead Authors and 25 7 
Contributing Authors. This version of the Key Findings was finalized during author calls on 8 
November 5 and 19, 2014. The Key Findings were derived after a comprehensive review of the 9 
peer-reviewed scientific literature and other inputs provided by the public in response to a call 10 
for comments announced in a Federal Register Notice. The Key Findings were benefitted by 11 
consultations with government, academic, and NGO subject matter experts.  12 

Vulnerability Varies Across Individuals, Time Scales, and Places  13 

Key Finding 1: Across the United States, people and communities differ in their exposures, their 14 
inherent sensitivity, and their adaptive capacity that enables them to respond to and cope with 15 
climate change related health threats. Vulnerability to climate change varies across time and 16 
geographic areas, across communities, and among individuals within communities. [Very High 17 
Confidence]  18 

Description of evidence base. Current epidemiological evidence on climate-sensitive health 19 
outcomes in the U.S. indicates that health impacts will differ by location, pathways of exposure, 20 
underlying susceptibility, and adaptive capacity. These disparities in health impacts will largely 21 
result from differences in the distribution of individual attributes in a population that confers 22 
vulnerability (such as age, socioeconomic status, and race), attributes of place that reduce or 23 
amplify exposure (floodplain, coastal zone, and urban heat island), and the resilience of public 24 
health infrastructure. 25 

Factors that contribute to exposure include: occupation (Schulte and Chun 2009), time spent in 26 
risk-prone locations (Balbus and Malina 2009; Uejio et al. 2001; O'Neill et al. 2008), 27 
displacement by weather extremes (Donner et al. 2008), economic status (Harlan et al. 2006; 28 
Woodruff et al. 2003), condition of infrastructure (Pastor et al. 2006; Bullard and Wright 2009), 29 
and compromised mobility, cognitive function, and other mental or behavioral factors (CDC 30 
2013).  31 

Biologic sensitivity and adaptive capacity are tied to many of the same factors determining 32 
exposures. All of these factors can change with time, life-stage (Shannon et al. 2007; Sheffield 33 
and Landrigan 2011; Balbus and Malina 2009). Social and economic factors also affect 34 
disparities in the prevalence of chronic medical conditions that aggravate biological sensitivity 35 
(Frumkin et al. 2008; Keppel 2007). 36 
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Major uncertainties. Understanding how exposure, sensitivity, and adaptive capacity change 1 
over time and location for specific individuals, communities, and populations of concern is 2 
challenging, particularly when attempting to project impacts of climate change on health across 3 
long time frames (such as in the year 2100). Uncertainties remain with respect to underlying 4 
social determinants of health, public health interventions or outreach, rates of adaptation, and 5 
climate impacts at fine local scales. 6 

Assessment of confidence based on evidence.  Based on the evidence presented in the peer-7 
reviewed literature, there is very high confidence that climate change impacts on health will vary 8 
with people, place, and time, as demonstrated by the complex factors driving vulnerability. Many 9 
qualitative and quantitative studies have been published with consistent findings and strong 10 
consensus that the impacts of climate change on human health will vary according to individual 11 
or community characteristics (including differential exposure, sensitivity, and adaptive capacity), 12 
which change over time and across geographical scales. These conclusions are well documented 13 
and supported by high quality evidence from multiple sources.  14 

Climate Factors Interact with Non-Climate Factors to Increase Health Risk  15 

Key Finding 2: Climate change related health risks interact with some of the same non-climate 16 
factors that may increase the risk of poor health generally. Non-climate factors, such as those 17 
related to demographic changes, socioeconomic factors, and pre-existing or chronic illnesses, 18 
may amplify, moderate, or otherwise influence climate-related health effects, particularly when 19 
they occur simultaneously or close in time or space. [High Confidence] 20 

Description of evidence base. Exposures to climate change are likely to be influenced by a 21 
number of non-climate factors that contribute to the nature and extent of vulnerability. Some 22 
non-climate factors include: 23 

§ Occupation: where workers are at risk due to their place of employment or the nature of 24 
their duties (Schulte and Chun 2009).  25 

§ Time spent in risk-prone locations: Locations that experience greater risks include urban 26 
heat islands where exposed populations are likely to have limited adaptive capacity due 27 
to poor housing conditions, and inability to use or to afford air conditioning (Ramin and 28 
Svoboda 2009; Shonkoff et al. 2011; Jesdale et al. 2013; CDC 2011; Klineberg 2002; 29 
Harlan et al. 2006; Semenza et al. 1999; Luber and McGeehin 2008; Younger et al. 2008; 30 
CDC 2013; DHHS 2013).  31 

§ Economic status: People living in poverty are less likely to have adequate resources to 32 
prepare for or respond to weather emergencies or to access and afford necessary health or 33 
supportive services (Vargas-Bustamante et al. 2010; Fuentes-Afflick and Hessol 2008; 34 
Maldonado et al. 2013a; Ortega et al. 2007; Eneriz-Wiemer et al. 2013; Riera et al. 2013). 35 

§ Condition of infrastructure: Decaying infrastructure exposes people to increased health 36 
risks. Persons evacuating may be hampered by damage to transportation, utilities, 37 
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medical, or communication facilities and lack of safe food or drinking water supplies 1 
(Haq et al. 2008; Balbus and Malina 2009; Hansen et al. 2011; Sheridan et al. 2009; 2 
Redsteer 2011b).  3 

§ Biological traits contribute to the sensitivity of people to climate change. Among those 4 
traits are age or stage of life; chronic or pre-existing medical or psychological illnesses; 5 
and compromised mobility and cognitive function (Jhung et al. 2007; Davis et al. 2010; 6 
Xu et al. 2012b). 7 

Major uncertainties. A wide range of non-climate factors are expected to interact with climate 8 
change health risks to determine population vulnerability, all with some degree of uncertainty. 9 
The extent to which those factors affect vulnerability is, in many cases, not well understood and 10 
not readily amenable to measurement or quantification. Assessing the extent and nature of non-11 
climate impacts as compared to impacts related to climate change is limited by data availability, 12 
particularly at the national level. Many studies of climate change vulnerability have limited 13 
geographic scope or focus on singular events in a particular location. 14 

Assessment of confidence based on evidence.  Based on the evidence presented in the peer-15 
reviewed literature, there is high confidence that a wide range of health effects exacerbated by 16 
climate change will interact with non-climate factors to determine the vulnerability of some 17 
populations of concern. Many studies have been published about how non-climate factors may 18 
influence climate-related health effects across populations of concern, and the evidence 19 
presented is of good quality and consistency.  20 

Increased Vulnerability to Climate-Related Health Impacts is Widespread Across Ages and 21 
Stages of Life  22 

Key Finding 3: People experience different vulnerabilities at different ages and life stages. For 23 
example, the very young and the very old are particularly sensitive to climate-related health 24 
impacts. [High Confidence] 25 

Description of evidence base. In the United States, older adults and young children are 26 
especially vulnerable to human health risks associated with climate change. Ground-level ozone 27 
and particulate matter are associated with increases in asthma episodes and other adverse 28 
respiratory effects in children (Strickland et al. 2010; Parker et al 2009; Ostro et al. 2009; 29 
Gauderman et al. 2004). Increased aeroallergens may also be linked to increases in childhood 30 
asthma episodes and other allergic illnesses n (Ch. 3: Air Quality Impacts). Children are 31 
vulnerable to waterborne pathogens in drinking water and through exposures while swimming. 32 
There is an association between heavy rain and emergency department visits for children with 33 
gastrointestinal illness (Drayna, et al. 2010; McBride et al. 2013).  34 

Children’s mental health is affected by exposures to traumatic weather events. More than 10% of 35 
children are expected to experience a disaster (fire, tornado, flood, hurricane, or earthquake) in 36 
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their lifetime (Becker-Blease et al. 2010). These exposures can undermine cognitive 1 
development and contribute to psychiatric disorders (Fairbank et al 2014).  2 

Extreme ambient temperature is an important determinant of health in older adults (O’Neill and 3 
Ebi 2009; Luber and McGeehin 2008) and has been associated with increased hospital 4 
admissions for cardiovascular, respiratory and metabolic disorders (Lin et al. 2009)(CDC 2011). 5 
Older adults are particularly affected by extreme weather events that compromise the availability 6 
and safety of food and water supplies; interrupt communications, utilities, and emergency 7 
services; and destroy or damage homes and the built environment (Haq et al. 2008; Sanders et al. 8 
2004; CDC 2004; Laditka et al. 2008). Some functional and mobility impairments make older 9 
adults less able to evacuate when necessary (Agarwal et al. 2009; Kovats and Hajat 2008). 10 

Major uncertainties.  Uncertainties remain regarding the extent to which climate-related 11 
disruptions to health and well-being are affecting populations of concern, especially young 12 
children and older adults. There is less information on the magnitude of these effects at a 13 
national level given limitations in data availability. Many studies of age-related vulnerability 14 
have limited geographic scope or focus on singular events in a particular location. Multiple 15 
factors, all with some degree of uncertainty, converge to determine climate-related vulnerability 16 
across age groups. 17 

Assessment of confidence based on evidence. Based on the evidence presented in the peer-18 
reviewed literature, there is high confidence that a wide range of health effects exacerbated by 19 
climate change will be experienced by vulnerable age groups, especially young children and 20 
older adults. Many qualitative and quantitative studies have been published about the effects of 21 
age or life stage on vulnerability to health impacts, and the evidence is consistent and of good 22 
quality. 23 

Mapping Tools and Vulnerability Indices Help to Identify Where and for Whom Climate 24 
Health Risks are Greatest  25 

Key Finding 4: The use of geographic data is allowing more sophisticated mapping of risk 26 
factors and social vulnerabilities, to identify and protect specific locations and groups of people. 27 
[Medium Confidence] 28 

Description of evidence base. Geographic Information Systems (GIS) have the ability to link 29 
together census data, data on the determinants of health (social, environmental, pre-existing 30 
health conditions), measures of adaptive capacity (such as health care accessibility), and 31 
environmental data for the identification of at-risk populations (Gubler et al. 2001; Smit et al. 32 
2001; CSDH 2008; Friel et al. 2008; Turner et al. 2003; Manangan et al. 2014). Similarly, 33 
demographic and environmental data can be integrated to create an index that allows for analysis 34 
of the factors contributing to social vulnerability in a given geographic area (ATSDR 2015; 35 
Manangan et al. 2014). Identifying vulnerability is an important step in developing prevention 36 
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strategies or determining where to focus health or emergency response resources (Blaikie et al. 1 
1994; Keim 2008; Hutton 2010). A case study of heat-related vulnerability in Georgia provides 2 
one example of the utility of vulnerability mapping in a climate change context (Manangan et al. 3 
2014).  4 

Major uncertainties.  Multiple factors, all with some degree of uncertainty, determine 5 
geographic vulnerability to the health impacts of climate change. Mapping tools and 6 
vulnerability indices are useful in characterizing geographically-based exposures. But, geocoded 7 
health data are not always available in all locations of interest. In fact, the extent of uncertainty 8 
increases at smaller spatial scales, which is typically the scale most relevant for targeting 9 
vulnerable communities. 10 

Assessment of confidence based on evidence. Based on the evidence presented in the peer-11 
reviewed literature, there is medium confidence that geographic data used in mapping tools and 12 
vulnerability indices can help to identify where and for whom climate health risks are greatest. A 13 
number of published studies provide consistent and good quality evidence to support a finding 14 
regarding the utility of mapping tools and vulnerability indices in a public health context, but 15 
methods are still emerging to support the application of these tools in the context of climate 16 
change. Overall, evidence is suggestive but not conclusive that mapping tools and vulnerability 17 
indices can help to identify where and for whom climate health risks are greatest. 18 

 19 

  20 
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9.9  Figures 1 
Figure 1. Determinants of Vulnerability 2 

 3 

Caption: Defining determinants of vulnerability to health impacts, including exposure, 4 
sensitivity, and adaptive capacity. (Figure source: adapted from Turner et al. 2003) 5 
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Figure 2. Social Determinants of Health 1 

 2 
Caption: This figure conceptualizes vulnerability to the health risks associated with 3 
climate change across populations of concern. (Figure source: adapted from Solar and 4 
Irwin 2010)  5 
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Figure 3: Children at Different Lifestages Experience Unique Vulnerabilities to Climate 1 
Change 2 

 3 

  4 
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Figure 4:  Mapping Social Vulnerability 1 

 2 
Caption: CDC Social Vulnerability Index (SVI):  Interactive Web Map showing the 3 
overall social vulnerability of the U.S. Southwest, 2010 (Figure source: ATSDR 2015) 4 

 5 

 6 
  7 
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Figure 5:  to accompany Text Box  1 

 2 

(Figure source: adapted from Manangan et al. 2014)  3 
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Lead Authors 1 
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Contributing Authors 5 
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Models are an important component of climate change impact projections. In general, 14 
quantitative evaluations of health impacts require projections of: 1) physical climate changes, 2) 15 
future socioeconomic characteristics, and 3) the relationships between these factors and the 16 
health outcome of interest. Uncertainties exist in each of these areas, and aligning the spatial and 17 
temporal parameters used in climate models with epidemiological data to assess health outcomes 18 
can be challenging. Despite these challenges, health impact modeling continues to improve, 19 
increasing our understanding of the quantitative impacts associated with climate change. 20 

A1.1 Quantitative Evaluations of Health Impacts   21 

A1.1.1 Projecting Climate Change Impacts  22 
Since there is no universally accepted set of metrics to identify the “best” climate models, it is 23 
standard practice to use an ensemble (a collection of simulations from different models) in order 24 
to present a range of results and provide a measure of the certainty in the results. In addition, 25 
because climate model results can depend on initial conditions, even for a single model, multiple 26 
iterations can be used to similarly present a range of results and improve certainty. Climate 27 
model outputs may require intermediate calculations, such as the use of downscaling methods 28 
when higher resolutions are needed, or coupling to an atmospheric chemistry model in order to 29 
examine and incorporate changes in local air quality. 30 

Over the past decade, climate change simulations were based primarily on emissions scenarios 31 
developed in the IPCC Special Report on Emission Scenarios (SRES) (IPCC 2000), which were 32 
used as inputs to model climate projections in the Coupled Model Intercomparison Project Phase 33 
3 (CMIP3). However, for the IPCC’s Fifth Assessment Report (IPCC 2013), modelers used the 34 
Coupled Model Intercomparison Project Phase 5 (CMIP5) model simulations, which utilize the 35 
current standard experimental protocol for studying Global Climate Models (GCMs). CMIP5 36 
contains approximately 60 climate representations from 28 different modeling centers (Meehl et 37 
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al., 2009). The spatial resolution of most models is in the range of 1° to 2° of latitude or 1 
longitude, or about 60 to 130 miles.  2 

CMIP5 experiments are based on estimated historical radiative forcings as well as forcings from 3 
future concentration pathways for: 4 

a) Simulations of the 20th century climate using best estimates of the temporal variations in 5 
external forcing factors (such as greenhouse gas concentrations, solar output, volcanic 6 
aerosol concentrations); and 7 

b) Simulations of this century assuming changing greenhouse gas concentrations following 8 
various emissions scenarios. 9 

The CMIP5 simulations use a set of scenarios called Representative Concentration Pathways 10 
(RCPs). There are four RCP scenarios: RCP2.6, RCP4.5, RCP6.0, and RCP8.5. These scenarios 11 
are named according to the possible increase in radiative forcing (a measure of the total change 12 
in Earth's energy balance) for the year 2100 relative to pre-industrial levels, measured in Watts 13 
per square meter (W m-2). For example, the RCP6.0 scenario is that in which the end-of-century 14 
radiative forcing increase is 6.0 W m-2 above pre-industrial levels. The range of simulated global 15 
average surface temperature changes under both the SRES and RCP scenarios is shown in Figure 16 
1.  17 

[Figure 1 Emissions Levels Determine Temperature Rises] 18 

A1.1.2  Projecting Socioeconomic Development  19 
Along with the RCP scenarios used to provide a range of possible future greenhouse gas 20 
emissions for climate models, the modeling of climate change impacts is improved by including 21 
scenarios that describe future societal characteristics. For the IPCC’s Fifth Assessment Report 22 
(IPCC 2013), impact modelers used new scenarios constructed from three building blocks: 23 

 Representative Concentration Pathways (RCPs) 24 

 Shared Climate Policy Assumptions (SPAs)  25 

 Shared Socioeconomic Pathways (SSPs) 26 

Shared Socioeconomic Pathways, or SSPs, define plausible alternative states of global human 27 
and natural societies at a macro scale, including qualitative and quantitative factors such as 28 
demographic, political, social, cultural, institutional, lifestyle, economic, and technological 29 
variables and trends. Also included are the human impacts on ecosystems and ecosystem 30 
services, such as air and water quality (Ebi 2014; O’Neill et al. 2014). Five reference SSPs are 31 
defined, and referred to as SSP1 through SSP5 (O’Neill et al. 2014); each evolves over the 32 
century, describing challenges to adaptation (efforts to adapt to climate change) and mitigation 33 
(efforts to reduce the amount of climate change) that change over time irrespective of climate 34 
change (Figure 2) (Ebi et al. 2014; O’Neill et al. 2014). The SSPs facilitate exploration of: 1) 35 
how development pathways can influence the magnitude and pattern of climate impacts; 2) the 36 
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ease or difficulty of managing climate change related risks in a world on any given emission 1 
pathway; and 3) the possible consequences of different emission pathways based on a specific 2 
development pathway.  3 

[Figure 2. The Shared Socioeconomic Pathways] 4 

Although the SSPs describe broad-scale global trends across multiple sectors, these trends are 5 
relevant to projections of health impacts in the United States; trends within each SSP represent 6 
different challenges for maintaining and improving the health of Americans. For example, future 7 
vulnerability to changing concentrations of air pollutants, particularly ozone, will in part depend 8 
on demographics, urbanization, and policies to control air pollutants.  9 

SSPs are not explicitly used in the analyses highlighted in this assessment, but as they are 10 
scenarios likely to be used by the impacts modeling community over the next few years, placing 11 
the current work in context is a valuable exercise. The combination of RCP6.0 (used by most of 12 
the analyses highlighted in the Temperature-Related Death and Illness, Air Quality Impacts, 13 
Vectorborne Diseases, and Water-Related Illnesses chapters - See Section A2) and the population 14 
parameters for the SRES B2 emissions pathway (used in the Temperature-Related Death and 15 
Illness and Air Quality Impacts chapters) can be partially mapped to the SSP2 (“middle of the 16 
road”, see Figure 2) storyline (van Vuuren et al., 2014). SSP2 depicts a world where global 17 
health improves, although not as quickly as in a world with fewer challenges to mitigation and 18 
adaptation (as in SSP1). Under SSP2, multiple factors contribute to some countries making 19 
slower progress in reducing health burdens, including, in some low-income countries, high 20 
burdens of climate-related diseases combined with moderate to high population growth. In the 21 
United States, challenges to public health infrastructure and health care under this scenario could 22 
include inadequate resources and international commitment for: 1) integrated monitoring and 23 
surveillance systems; 2) research on and modeling of the health risks of climate change; 3) 24 
iterative management approaches; 4) training and education of health care and public health 25 
professionals and practitioners; and 5) technology development and deployment (Ebi 2014).  26 

A1.1.3 Projecting Health Outcomes   27 
Public health officials often require information on health risks that are immediate (or at least 28 
within the next five years) and local. Climate models, on the other hand, are better at projecting 29 
changes on national to global scales and over timescales of decades to centuries. An example of 30 
the contrast between the spatial information most relevant to public health officials (states and 31 
counties) as compared to those used by climate models (grid cells of 1 to 2 degrees) is 32 
demonstrated in Figure 3. This figure shows two common sizes of climate model grids overlaid 33 
on a map of the northeastern United States. Currently, model projections for a single grid cell 34 
represent the simulated climate variables (for example, temperature and precipitation) averaged 35 
over that geographical area, for a given point in time under a particular emissions scenario. 36 
Models that produce output at higher resolutions (smaller grid sizes) allow for more localized 37 
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projections, however, they are more computationally intensive and are not necessarily more 1 
accurate than those run at coarser resolutions (larger grid sizes). 2 

[Figure 3. Example Spatial Resolution of Climate Models] 3 

These climate model grids are overlaid on the outlines of counties in Figure 3. However, many 4 
public health officials and programs work at even finer spatial scales than the county level (for 5 
example, city or community). Given that the climate model outputs often cover areas larger than 6 
a county or city, public health officials are interested in downscaling climate projections to 7 
reflect county-level physical features and conditions.  8 

In addition to higher spatial resolutions, public health officials are also generally most interested 9 
in short-term projections of future conditions (for example, one to five years). This is in part due 10 
to the fact that these officials work in resource-constrained environments where relative priorities 11 
and associated funding decisions can shift, often quickly. In addition, they provide services to 12 
populations with characteristics that are likely to change in response to changing economic 13 
conditions, immigration patterns, or impacts of extreme weather events. In this short timeframe, 14 
public health officials typically focus on information regarding the timing and magnitude of 15 
specific events or combinations of events that would stress existing programs and systems (for 16 
example, heat waves, tropical storms, wildfires, and air quality events). The one- to five-year 17 
information requirements of public health providers can contrast with the information climate 18 
modelers can develop, which project future conditions for timescales of decades to centuries and 19 
often derive impacts in 2050 or 2100. Climate models provide less guidance in terms of changes 20 
in near-term impacts because short-term variability from natural sources such as ocean 21 
circulation can obscure the long-term climate trends produced by increasing greenhouse gas 22 
concentrations. As such, climate projections over longer time periods typically serve more as a 23 
guide to emerging issues and as an input to longer-range planning.  24 

A1.2  Modeling Highlighted in the Assessment  25 
The four chapters that highlight modeling studies conducted for this assessment (Temperature-26 
Related Death and Illness, Air Quality Impacts, Vectorborne Diseases, and Water-Related 27 
Illnesses) analyzed a subset of the full CMIP5 dataset (see Table 1). The air quality analyses 28 
required the most intensive processing of the CMIP5 model output; calculating air quality 29 
changes at the appropriate geographic scale requires modelers to use a technique known as 30 
dynamical downscaling to generate climate data at the desired small-scale resolution, and then 31 
run an atmospheric chemistry model, both of which are computationally intensive processes. 32 
Thus the air quality analysis was limited to two model-scenario examples (see Table 1). By 33 
contrast, the water-related illness analyses examined results from 21 of the CMIP5 models, 34 
though only for one particular scenario.  35 

In general, the authors of the studies highlighted in this assessment used historical data, both to 36 
calibrate their historical results and to improve geographic resolution. These downscaling 37 
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approaches determine the climate signal by taking the difference between the modeled future and 1 
the modeled historical period at the grid cell resolution (often averaged over 30 years). This 2 
climate signal can then be added to observed historical data at a resolution potentially much finer 3 
than the model grid cell scale. For example, any given weather station might be, on average, 4 
cooler in the summer than the grid cell average because it is located next to a lake. By adding the 5 
modeled climate signal to the historical data from the weather station, the projected future 6 
temperatures can effectively account for microclimate effects, from lakes or other hills for 7 
example, that are smaller than the modeled grid scale. More sophisticated calibrations can also 8 
correct for model variability by using a technique known as quantile mapping (Wood et al. 9 
2004).  10 

The modeling studies highlighted in this assessment use different approaches. The three different 11 
historical reference periods used in this assessment (1985-2000, 1992-2007, 1976-2006) are 12 
slightly warmer than the 1971-2000 period used in NCA3, by 0.3°F to 0.8°F. In addition, 13 
different sets of models were used. A sensitivity analysis was conducted to test for potential 14 
impacts, in terms of temperature increases with respect to the NCA3 reference period of 1971--15 
2000, of these differences in approach. As illustrated in Figure 4, a comparison of the differences 16 
between historical reference periods (in the “Reference” column) with projections for each future 17 
period indicates that the future projected warming is considerably larger than the differences 18 
between the three historical reference periods. Furthermore, Figure 4 shows that the multi-model 19 
means are similar when using 16 climate models or five climate models.  20 

Each modeling approach requires different input from the climate models. For example, the 21 
extreme temperature analysis required only temperature data, and the waterborne disease 22 
analysis used only sea surface temperature data. However, the air quality modeling required 23 
temperature, precipitation, ventilation, and other data in order to provide boundary conditions for 24 
the dynamical downscaling approach. Besides climate data, modeling teams also used other 25 
inputs. The main sources of additional data were the Integrated Climate and Land Use Scenarios 26 
(ICLUS) model for population and the Environmental Benefits Mapping and Analysis Program 27 
(BenMAP) model for baseline mortality data, which were used for the extreme temperature and 28 
air quality modeling efforts (EPA, 2014; EPA, 2009). The waterborne disease analysis required 29 
salinity, light, and other oceanographic data not provided by the CMIP5 models.  30 

The modeling approaches also included different geographic scales. The waterborne disease 31 
team examined individual bodies of water such as the Chesapeake Bay, Puget Sound, and Gulf 32 
of Mexico. The vectorborne disease projections of Lyme disease concentrated on the 12 U.S. 33 
states where Lyme is already prevalent. The thermal extreme mortality analysis examined 209 34 
U.S. cities that had sufficient data for an historical epidemiology analysis. The air quality 35 
analysis was able to address the entire contiguous United States.           36 

[Table 1. Parameters for modeling highlighted in this assessment] 37 
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A1.3 Sources of Uncertainty  1 
The use of the term “uncertainty” in climate assessments refers to a range of possible futures. 2 
Uncertainty about the future climate arises from the complexity of the climate system and the 3 
ability of models to represent it, as well as the difficulties in predicting the decisions that society 4 
will make. There is also uncertainty about how climate change, in combination with other 5 
stressors, will affect people and natural systems (Melillo et al. 2014). 6 

Though quantitative evaluations of climate change impacts on human health are continually 7 
improving, there is always some degree of uncertainty when using models to gain insight into 8 
future conditions. The presence of uncertainty, or the fact that there is a range in potential 9 
outcomes, does not negate the knowledge we have, nor does it mean that actions cannot be taken. 10 
Everyone makes decisions, in all aspects of their life, based on limited knowledge or certainty 11 
about the future. Decisions like where to go to college or what job to take, what neighborhood to 12 
live in or which restaurant to eat in, whom to befriend or marry, and so on are all made in light of 13 
uncertainty, which can sometimes be considerable (CCSP 2009). Recent years have seen 14 
considerable progress in the development of improved methods to describe and deal with 15 
uncertainty in modeling climate change impacts on human health.  16 

A1.3.1 Uncertainty in Projecting Climate Change  17 
Two of the key uncertainties in projecting future global temperatures are: 1) uncertainty about 18 
future concentrations of greenhouse gases; and 2) uncertainty about how much warming will 19 
occur for a given increase in greenhouse gas concentrations. Future concentrations depend on 20 
both future emissions and how long these emissions remain in the atmosphere (which can vary 21 
depending on how natural systems process those emissions). Because of uncertainty in future 22 
greenhouse gas concentrations, climate modelers analyze multiple future scenarios in order to 23 
determine the range of varying impacts of lower emissions compared to higher emissions. In 24 
terms of how much warming will occur for a given increase in greenhouse gas concentrations, 25 
the most recent assessment by the Intergovernmental Panel on Climate Change (IPCC) found the 26 
most likely response of the climate system to a doubling of carbon dioxide (CO2) concentrations 27 
lies between a 1.5°C and 4.5°C (2.7°F to 8.1°F) increase in global average temperature (IPCC, 28 
2013) (see Figure 1). 29 

Climate scientists have greater confidence in predicting the average temperature of the whole 30 
planet than what the temperature will be in any given region or locale. Global average 31 
temperatures may not, however, be particularly informative for determining health impacts at a 32 
local scale. An increase in global temperatures will, at local scales, result in different warming 33 
rates in different locations, different seasonal warming rates, different warming rates during the 34 
day compared to the night, and different changes in day-to-day or year-to-year variability. 35 
Despite these possible differences, it is highly likely that warming will occur almost everywhere 36 
(Walsh et al. 2014). In addition to temperature, changes in precipitation, humidity, and weather 37 
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systems are all important drivers of local impacts, however, future changes in these variables are 1 
less certain than changes in temperature. 2 

A1.3.2  Uncertainty in Public Health Surveillance and Monitoring  3 
The first step in understanding future health impacts is to understand current health impacts. 4 
Obtaining this understanding is complicated by the fact that in the United States, there is no 5 
single source for health data and surveillance often involves acquiring, analyzing, and 6 
interpreting data from several sources across various systems. This is further complicated by a 7 
number of additional limitations, including the fact that data are often incomplete, may not 8 
include a representative sample of all members of society, and rely on self-reporting of disease 9 
status. Estimates of disease patterns or trends may also vary across geographic locations. 10 
Understanding the surveillance and monitoring limitations regarding population health data and 11 
spatial variability can enable more accurate estimations of the confidence in the links between 12 
health impacts and climate drivers, and this can be used to estimate uncertainty in future 13 
projections of health impacts. 14 

Having complete socioeconomic, geographic, demographic (race, age, gender), and health data at 15 
an individual level would improve our understanding of connections between these attributes and 16 
deaths and illnesses. However, such complete data are not available for both practical and 17 
confidentiality reasons. Mandatory reporting, disease records, and administrative sources, 18 
including data from medical records or vital records, can be used to estimate incidences of given 19 
health impacts and these counts can be divided by population estimates to produce health impact 20 
rates. Uncertainty in the data can differ depending on the type of population health estimate and 21 
the existing surveillance data source used (such as using registries versus surveys).    22 

In addition to uncertainty regarding the quality of data, confidence in the estimation of health 23 
impact rates depends on the volume of useable data. In general, the larger the data set (larger 24 
populations or longer time periods), and the more common the health condition, the more 25 
confidence there is in estimated rates, and changes in those rates, across time periods, 26 
demographic groups, or other attributes.  27 

A1.3.3 Uncertainty in Estimating Exposure-Response Relationships 28 
Exposure response relationships describe the change in the health effect caused by different 29 
levels of exposure over time. Often the relationship linking the exposure with the health outcome 30 
is expressed as an exposure-response function (see Chapter 1: Introduction, section 1.4). In 31 
general, this involves describing the statistical relationship between an exposure of interest, such 32 
as ground-level ozone concentrations, with a metric describing the health outcome, such as daily 33 
counts of asthma attacks.  34 

In recent decades, great strides have been made in developing these exposure-response functions 35 
for a wide range of climate-sensitive environmental health outcomes. In recent years, we have 36 
gained a better understanding of the relationships between daily maximum temperatures, daily 37 
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average concentrations of ozone and fine particulate matter, and a range of illnesses and 1 
premature death (see Ch. 2: Temperature-Related Death and Illness and Ch. 3: Air-Quality 2 
Impacts). These functions are often used in modeling efforts to project the health impacts of 3 
climate change. However, it is important to carefully consider uncertainty when developing and 4 
using exposure-response functions, as the environmental processes affecting human health are 5 
complex. 6 

One major challenge in characterizing the relationship between exposure and health impacts is 7 
determining when a relationship is correlative, as opposed to causative. For example, statistical 8 
analyses would adjust for other factors that could be influencing health outcomes, such as age, 9 
race, year, day of the week, insurance status, and the concentrations of other air pollutants. By 10 
holding these other factors constant, researchers can get a better idea if changes in ozone 11 
concentrations are an important cause of health impacts. As evidence mounts, as is the case for 12 
associations between ozone concentration and adverse health impacts (Bell et al. 2004, Jerrett et 13 
al. 2009, Ji et al. 2011, Fann et al. 2012, Vinikoor-Imler et al. 2014), the hypothesis of a causal 14 
relationship is strengthened, and observed exposure-response associations can be used with 15 
greater confidence.  16 

  17 
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A1.5 Figures and Tables 1 
 3 

Chapter Modeled 
endpoint 

Timeframe Temporal 
resolution 

Scenarios Models Bias correction 
and/or 
downscaling 

Geographic 
Scope 

Climate variables Relevant data 
sources 

Temperature-
Related Death 

and Illness
1
 

Mortality 2030, 2050, 
2100 

30 years RCP6.0 GFDL-CM3, 
MIROC5 

Statistical 
downscaling, then 
delta approach 

209 U.S. 
cities 

Temperature (0-5 day lags) BenMAP baseline 
mortality data 

Air Quality
2
 Mortality/Morbi

dity from 
changes in 
Ozone 
 

2030 3 years 
within 11 
year span 

RCP6.0 GISS-E2 Dynamic 
downscaling 

National Temperature, precipitation, 
ventilation, others 

ICLUS population 
data, BenMAP health 
model, SES, air 
condition prevalence, 
baseline health status 
data 
 

2030 11 year 
average 

RCP8.5 CESM Dynamic 
downscaling 

National Temperature, precipitation, 
ventilation, others 

Changes in air 
exchange that 
drive indoor air 
quality 

2040-70 30 years SRES A2 CCSM, CGM3, 
GFDL, HadCM3 

Dynamic 
downscaling  

9 U.S. cities Temperature, wind speed at 
3 hour resolution 

NA 

Water-Related 

Illness
3
 

Seasonality and 
geographic 
range of Vibrio 
bacteria 

2030, 2050, 
2095 

10 year 
average of 
monthly 
data 

RCP6.0 21 CMIP5 models 
(4 used for Alaska) 

Statistical 
downscaling; bias 
correction & 
quantile mapping 

Chesapeake 
bay, Alaskan 
Coast 

SST (driven by surface air 
temperature) 

NA 

Seasonality of 
Alexandrium 
bacteria 

2030, 2050, 
2095 

10 year 
average of 
monthly 
data 

RCP6.0 21 CMIP5 models Statistical 
downscaling; mean 
and variance bias 
correction 

Puget Sound SST (driven by surface air 
temperature) 

NA 

Growth rates of 
3 Gambierdiscus 
algae species 

2000-2099 Annual RCP6.0 11 CMIP5 models Mean and variance 
bias correction, 
then temporal 
disaggregation 

Gulf of 
Mexico and 
Caribbean 

SST Salinity, light, and 
other biological and 
oceanographic 
variables  

Vector-Borne 

Disease
4
 

Lyme disease 
onset week 

2025-2040 
and 2065-
2080 

16 year 
periods 

RCP2.6, 
RCP4.5, 
RCP6.0, 
RCP8.5 

CESM1(CAM5), 
GFDL-CM3, GISS-
E2-R, HadGEM2-
ES, MIROC5 

Statistical 
downscaling, then 
delta approach 

12 U.S. states 
where Lyme 
is prevalent 

Temp (growing degree days) 
precip, and saturation deficit 
(assume constant relative 
humidity) 

Distance to coast in 
decimal degrees 

Table 1. Parameters for modeling highlighted in this assessment (see Research Highlights in Ch. 2: Temperature-Related Death and 4 
Illness; Ch. 3: Air Quality Impacts; Ch. 4: Vectorborne Disease; Ch. 5: Water-Related Illness).1Schwartz et al. 2014; 2Fann et al. 2014; 5 
Ilacqua et al. 2014 (indoor air); 3Jacobs et al. submitted (Vibrio & Alexandrium), Kibler et al. 2014; 4Moore et al. 20146 
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Figure 1: Emission Levels Determine Temperature Rises 1 

  2 

Caption: Different amounts of greenhouse gases released into the atmosphere by human 3 
activities produce different projected increases in Earth’s temperature. In the figure, each 4 
line represents a mean estimate of global average temperature rise for a specific 5 
emissions pathway (relative to the 1901−1960 average). Shading indicates the range (5th 6 
to 95th percentile) of results from a suite of climate models. Projections in 2099 for 7 
additional emissions pathways are indicated by the bars to the right of each panel. In all 8 
cases, temperatures are expected to rise, although the difference between lower and 9 
higher emissions pathways is substantial. 10 

The left panel shows the two main CMIP3 scenarios (SRES) used in this assessment: A2 11 
assumes continued increases in emissions throughout this century, and B1 assumes 12 
significant emissions reductions beginning around 2050, though not due explicitly to 13 
climate change policies. The right panel shows the newer CMIP5 scenarios using 14 
representative concentration pathways (RCPs). Some of these new simulations explicitly 15 
consider climate policies that would result in emissions reductions, which the SRES set 16 
did not. CMIP5 includes both lower and higher pathways than CMIP3. The lowest 17 
emissions pathway shown here, RCP2.6, assumes immediate and rapid reductions in 18 
emissions and would result in about 2.5°F of warming in this century. The highest 19 
pathway, RCP8.5, roughly similar to a continuation of the current path of global 20 
emissions increases, is projected to lead to more than 8°F warming by 2100, with a high-21 
end possibility of more than 11°F. (Data from CMIP3, CMIP5, and NOAA NCDC). 22 
(Figure source: modified from Melillo et al. 2014) 23 

24 
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Figure 2: The Shared Socio-economic Pathways (SSPs).  1 

 2 

Caption: The five shared socioeconomic pathways (SSPs) are defined by the areas 3 
mapped between two axes that describe levels of socioeconomic and environmental 4 
challenges to mitigation and to adaptation. SSPs do not include climate change impacts 5 
nor do they consider any given climate policy. The two axes are gradations of challenges 6 
defined by societal or environmental factors that would make a mitigation or adaptation 7 
task easier or harder for any given emissions target or mitigation policy. Use of the term 8 
“socioeconomic” in the SSP scenario framework encompasses a wide range of aspects 9 
including demographic, political, social, cultural, institutional, life-style, economic, and 10 
technological aspects, and the conditions of ecosystems and ecosystem services, such as 11 
air and water quality (Figure source: adapted from O’Neill et al. 2014). 12 

  13 
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Figure 3. Example Spatial Resolution of Climate Models 1 

     2 

Captions: Maps show hypothetical Global Climate Model output grids for the 3 
Northeastern United Sates at two different resolutions. Left panel shows a model output 4 
with 1° square resolution, right panel shows a lower-resolution model output, with 2° 5 
square resolution.   6 
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Figure 4: Sensitivity Analysis of Differences in Modeling Approaches 1 

 2 

Caption: A sensitivity analysis was conducted to test for potential impacts of differences 3 
in the modeling approaches (use of different historical reference periods and use of 4 
different sets of CMIP5 models) in the research studies highlighted in this assessment 5 
(see Research Highlights in Chapters 2, 3, 4, and 5). The values in the first column are 6 
temperature changes for three different reference periods used in this assessment, relative 7 
to the 1971-2000 reference period used in NCA3. The remaining columns show future 8 
temperature changes for individual climate models for three different future periods, 9 
relative to 1971-2000. The left column at each future period shows changes for 16 10 
climate models in CMIP5 for which the RCP6.0 scenario was available. The right column 11 
shows a subset of five models used in some of the report studies. Each “x” represents a 12 
single model. The filled-in circle is the mean temperature change for all models in the 13 
column. (Figure source: NOAA NCDC / CICS-NC) 14 
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