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Introduction
Public health is strongly affected by environmental
conditions Therefore, the environmental changes
resulting from global climate change have important
implications for public health, as do the strategies
used to mitigate harmful impacts of climate change
In 2016, the American Public Health Association
deemed climate change “the greatest threat to public
health ”1
Climate change is a global phenomenon, but its
effects on different regions around the world will
vary Due to higher concentrations of heat-trapping
greenhouse gases in the atmosphere, air and sea
temperatures are warming, which, in turn, are
increasingly altering precipitation levels, air quality,
and sea levels For California, this means there is
greater likelihood of heat waves, droughts, reduced
snowpack, large wildfres, and extreme storms with
heavy precipitation and fooding
The associated impacts on human health may be
direct, such as deaths, illnesses, and injuries from
extreme weather events, or the impacts may be
indirect, such as by altering the environment in
ways that affect public health For example, warmer
sea temperatures indirectly impact public health by
fostering more bacterial growth and contributing to
greater risks of water-borne
diseases among people who
eat seafood and swim in the
ocean Exposure to harsher
environmental conditions also
can affect the population’s
mental health

This report was prepared at the request of Senator
Ricardo Lara and provides a comprehensive
review of the scientifc evidence on the potential
impacts of climate change on public health in
California Whereas other compendiums approach
associations between climate factors and health
at an international or national scale, this report
was developed to serve as a thorough reference
pertaining to California specifcally, complete with
citations for further study of any particular topic
The frst part of the report describes the state of
climate change in California and possible effects
on human health The second part is a detailed
summary of research showing how California’s
population already is affected by extreme heat and
other suboptimal environmental conditions that
could worsen with climate change When reviewing
this section, it is important to note that public health
outcomes involve the interactions of many factors,
including those biological, ecological, societal, and
economic in nature Most of the studies cited here
look at historic climate-related health outcomes
without attributing impacts to climate change that
has already occurred Some studies use the historic
data as a basis for making future projections linked
to climate change
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Part I Climate Change and Its Potential Impacts
on Human Health
State of Climate Change in
California

Figure 1
Statewide Annual Average Temperature, 1895–2017
60

There is consensus among experts that by 2100,
California will see maximum average temperatures
increase by 5 6 to 8 8 degrees Fahrenheit above
1960–2005 temperatures, depending on the

58

Temperature, oF

Reports by the State of California—“2018 Indicators
of Climate Change in California” and “California’s
Fourth Climate Change Assessment”—offer the
latest overviews of climate change in the state
According to the evidence, annual average
temperatures in California have increased since 1895
at a rate of 1 8 degrees Fahrenheit per century:
2 3 degrees Fahrenheit per century for minimum
temperatures and 1 3 degrees Fahrenheit per
century for maximum temperatures (Figure 1) 2 The
current pace of warming is unprecedented, based
on 1,100 years of climatic evidence and accounting
for natural variations 3 The last four years were the
warmest in recorded history, signaling an accelerated
rate of warming Additionally, sea levels are six to
seven inches higher in some cities than 100 years
ago Extreme heat events are more frequent: the
occurrence of nighttime heat waves, in particular, has
nearly doubled in the last 30-year period, compared
with the average from 1950 to 2016, from 11 days
to 21 days per year The 2012 drought was the most
severe in 1,200 years 4

56
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11-year running average
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Average temperatures have risen 1 8 degrees Fahrenheit per
century since the frst measurements were recorded in 1895
Compared to previous centuries, this rate of increase is
unprecedented Reproduced with permission from the authors 5

specifc emissions scenario used in the climate
model (Table 1) 6 One end of the scale refects a
decrease in emissions to 80 percent below 1990
levels (accumulating to 550 parts per million
(ppm) carbon dioxide in the atmosphere), and the
other represents a “business-as-usual” scenario
(maintenance of current emissions rates leading to
900 ppm carbon dioxide) Under both scenarios,
extreme heat events, such as heat waves, will occur
more frequently By mid-century, the Central Valley
may experience heat-health events that last two
weeks longer, while the northern Sierra region can
expect four to 10 times more heat-health events
than currently occur Droughts also will occur more
frequently and are likely to be more severe By 2100
under the “business-as-usual” scenario, sea levels
along the California coast will rise and may reach up
to 20 inches higher than current levels, resulting in
the disappearance of up to 67 percent of Southern
California’s beaches Increasing frequency of extreme
wildfres could result in burned acreage up to
77 percent greater than in the present day

Climate Change and Health |

3

Table 1
Projected Increase in Annual Average
Maximum Daily Temperature under Different
Future Emissions Scenarios
2006 2039

2040 2069

2070 2100

Low
emissions

+2.5 °F

+4.4 °F

+5.6 °F

High
emissions

+2.7 °F

+5.8 °F

+8.8 °F

Adapted from California’s Fourth Climate Change Assessment
and based on scenarios from the Fifth Intergovernmental Panel on
Climate Change Assessment Report on Climate Change 7,8

Potential Human Health Impacts
of Climate Change
The human health impacts of climate change have
received international attention for more than 20
years Notable reports from international, national,
and California entities include:
>

The 1996 report of the UN Intergovernmental
Panel on Climate Change (IPCC)9

>

The 2005 California Climate Change Center
report on health impacts in California10

>

The 2015 report of the International Lancet
Commission on Health and Climate Change11

>

The 2016 U S Global Change Research
Program compendium of reports focused on
climate-related health12

>

The 2018 IPCC report, in which human health
remained a priority13

State Entities Focused on Climate
Change and Public Health
Considering the complex factors that infuence
public health and the variability associated with
different regions, tracking and analyzing climaterelated health outcomes is a rigorous endeavor
Researchers and state scientists in California
have been leaders in uncovering the variety and
severity of local health effects associated with
climate change Several state agencies support
in-depth studies and craft policies to limit health
risks, including the California Department of Public
Health (CDPH), the Governor’s Climate Action
Team, and the California Environmental Protection
Agency (CalEPA) In particular, the CalEPA Offce of
Environmental Health Hazards Assessment (OEHHA)
and the CDPH Climate Change and Health Equity
Program continuously compile climate-related health
information to contribute to mitigation and adaptation
activities 17
California was the frst state to fund a climate change
research program, led by the Energy Commission
Furthermore, state agencies have produced a
number of resources for cities and counties, local
health departments, and physicians to assess risk
and plan accordingly For example, CDPH and the
Public Health Institute have compiled information

Across this body of work, experts have consistently
recognized potential human health impacts from
climate change associated with severe heat and
other extreme weather events, reduced air quality,
vector-borne disease, reduced water quality and
access, foodborne disease, food insecurity, and
mental health In 2014, the president of the World
Bank asserted that climate change “threatens our
fragile existence on this planet ”14 The potential
impacts of climate change on public health are
summarized in Table 2 and depicted in Figure 2
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Table 2
Potential Human Health Impacts of Climate Change
Climate-Related Environmental
and Health Impacts

Examples
(not exhaustive)

Heat-related illness and mortality

Heat is a health risk amplifer that can worsen preexisting conditions, such
as heart and lung disease, diabetes, asthma, and kidney problems. As both
ambient temperatures and heat waves continue to increase as a result of
climate change, negative health outcomes known to be associated with
heat are predicted to rise. Increased temperatures disproportionally impact
urban areas and vulnerable populations, such as children, the elderly, and
disadvantaged communities. By 2050, up to 6,700 to 11,300 annual premature
deaths are projected due to rising temperatures under a “business-as-usual”
scenario.15

Reduced air quality

Hotter temperatures can exacerbate conditions that reduce air quality,
such as levels of smog, airborne allergens, and wildfre smoke. Reduced air
quality is known to increase the incidence of respiratory illnesses, including
asthma, bronchitis, chronic obstructive pulmonary disease, and pneumonia.
As temperatures continue to increase as a result of climate change, negative
health outcomes known to be associated with reduced air quality are predicted
to rise.

Extreme weather events

The growing frequency and severity of storms is likely to increase occurrences
of traumatic injury and death, population displacement, wastewater treatment
facility breaches, and complications with food distribution.

Vector-borne disease

Hotter temperatures likely will foster the growth of disease-carrying vectors,
such as mosquitos and ticks. As a result, higher incidences of Lyme disease
and West Nile virus are predicted. Other diseases, such as plague and
dengue fever, may become more prevalent due to geographic expansion into
California. Pathogens also are likely to become more potent due to warmer
conditions.

Reduced water quality and access

Increased frequency and duration of drought conditions will strain access
to clean water. Stronger storms will lead to greater public exposure to
contaminated waters from agricultural and urban runoff, and warmer
conditions will foster pathogen growth and distribution, such as harmful
algal blooms. Reduced water quality will lead to higher incidences of
gastrointestinal illness and respiratory tract and skin infections.

Foodborne disease

Higher temperatures foster foodborne pathogens, such as during transport,
increasing the risk of gastrointestinal illness. Disease-carrying pests are likely
to contaminate agricultural areas at higher rates, while toxic chemicals from
greater use of pesticides and veterinary drugs also may contaminate food and
water sources.

Reduced food security

Warming temperatures and changing precipitation patterns likely will result in
geographic shifts of favorable growing conditions for many crops, preventing
many areas from growing traditional crops. Increased levels of carbon dioxide
also reduce the nutritional value of many crops.

Mental health

More frequent natural disasters and warming temperatures likely will cause
mental health problems, particularly for children, the elderly, disadvantaged
groups, and frst responders.
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Figure 2
Interactions Between Environmental Conditions and Human Health
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Adapted from the U S Centers for Disease Control and Prevention 16

and guidance in “Public Health Impacts of Climate
Change in California: Community Vulnerability
Assessments and Adaptation Strategies ”18 The
Governor’s Offce of Emergency Services has
published its “Contingency Plan for Excessive Heat
Emergencies ”19 A joint publication of CalEPA and
CDPH provides practical measures for cities and
counties in “Preparing California for Extreme Heat:
Guidance and Recommendations ”20 The California
Energy Commission offers Cal–Adapt, an online
resource with location-specifc climate change
data 21 OEHHA’s CalEnviroScreen tracks air pollution

at local scales 22 Finally, CDPH coordinates its efforts
through California Building Resilience Against Climate
Effects to assess exposures, social vulnerability, and
adaptive capacity 23
The state can be doing more, however Experts from
the National Academies of Sciences, Engineering,
and Medicine encourage even greater involvement of
public health experts and practitioners in addressing
climate change effects in traditionally non-health
sectors, such as energy, food and agriculture,
transportation, and urban planning 24
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Part II Review of Climate-Related Health
Outcomes Research
As previously stated, the potential health impacts
of climate change are related to increased heat,
reduced air quality, extreme weather events, vectorborne disease, reduced water quality and access,
foodborne disease, reduced food security, and
mental health (Table 2) Each area is explored further
in this part of the report Specifcally, the report cites
research on how extreme heat and other suboptimal
environmental conditions already affect California’s
population This provides a backdrop to understand
how climate change could exacerbate existing health
outcomes and present new challenges, too

reducing impacts in the future, since temperatures
are expected to increase from climate change
This summary addresses morbidity and mortality
associated with hotter than average temperatures
and episodes of heat waves and discusses climaterelated factors that exacerbate existing conditions
Urban areas are highlighted here due to the “urban
heat island effect,” wherein temperatures are further
elevated compared with suburban and rural areas,
due to paved surfaces and building materials that
capture and retain heat 26 The increased incidence of
heat-related kidney stones also is discussed

The review was limited to high-quality peer-reviewed
research that applied rigorous study methods
Using the scholarly databases PubMed and Google
Scholar, more than 250 relevant studies and reports
were identifed The following sections summarize
key fndings from these studies and identify any
counties and cities included in the analyses

Elevated Ambient Temperature

When reviewing this information, it is important
to note that public health outcomes involve the
interactions of many factors, including those
biological, ecological, societal, and economic in
nature Most of the studies cited here look at historic
climate-related health outcomes without attributing
impacts to climate change that has already occurred
Some studies use the historic data as a basis for
making future projections linked to climate change

Heat-Related Death and Illness
Of all weather-related deaths in the nation,
studies have shown that extreme heat is the top
contributor 25 Many illnesses are made worse from
hotter temperatures, especially for patients with
heart and lung disease, diabetes, asthma, and
kidney complications Children, the elderly, and
disadvantaged communities are the most vulnerable
populations impacted by heat-related illnesses The
effect of higher temperatures on human health is
largely due to an inability to escape the heat
Understanding historic impacts of heat is critical for

It is commonly understood that extreme
temperatures, both high and low, have the potential
to increase the risk of death However, ambient air
temperatures (the normal range of environmental
air temperatures that people directly experience
in everyday life), that deviate even slightly from
seasonal average temperatures can also increase
mortality rates 27,28 Although communities may
acclimate to new ambient temperatures, the most
vulnerable groups are expected to remain at risk of
death and illness from the effects of temperature
fuctuations Most heat-related health complications
are associated with the body’s inability to regulate its
temperature, such as heatstroke, heat cramps, heat
exhaustion, and hyperthermia 29
The California Environmental Health Tracking
Program at OEHHA collects data that are useful for
understanding underlying weather effects on human
health 30 Nine counties in California (Contra Costa,
Fresno, Kern, Los Angeles, Orange, Riverside,
Sacramento, San Diego, and Santa Clara)—
accounting for 65 percent of the state’s population—
were included in a study that examined ambient
temperature-related mortality and morbidity as
measured by hospitalizations from 1999 to 2003 31
Researchers concluded that across the counties, a
summertime temperature (calculated as a heat index
that incorporates temperature and relative humidity)
increase of 10 degrees Fahrenheit over the month’s
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Table 3
Summertime Heat-Related Morbidity
Across Nine California Counties, 1999–2003
% Increased Risk
of Hospitalization

Climate change is projected to increase temperatures throughout
the state As a result, more Californians will experience heatrelated illnesses, especially those individuals with preexisting
conditions that are exacerbated by warmer conditions

average temperature corresponded with a
2 3 percent increase in overall mortality More
specifcally, coastal counties experienced a
3 4 percent increase, while inland counties
experienced a 2 percent increase The research
team inferred that the stronger impact for coastal
counties is likely due in part to coastal residents’
acclimatization to cooler temperatures and lack of
air-conditioning units

Heatstroke

342

Dehydration

10.8

Acute Renal Failure

7.4

Pneumonia

3.7

Ischemic Stroke

3.5

Diabetes

3.1

All Respiratory Diseases

2

Excess risk of hospitalization per diagnosis under conditions
of a 10-degree temperature increase above local average in
summertime months 32

A follow-up study identifed three populations within
the nine counties most vulnerable to ambient heatrelated death, compared with total average: the
elderly (2 2 percent increased risk), infants younger
than a year old (4 9 percent increased risk), and the
black racial group (4 9 percent increased risk) 34

Hospitalizations for various medical conditions were
studied to understand the increased health risks
during periods of high ambient temperatures 32 Many
preexisting illnesses were shown to be exacerbated
by hot days, especially heatstroke, dehydration, and
acute renal failure (Table 3) For example, on a day
with temperatures 10 degrees Fahrenheit over the
local average, individuals experienced a 342 percent
higher risk of hospitalization for heatstroke With
the exception of respiratory diseases, the outcomes
were independent of the effects of air pollution
Table 3 provides additional results

A similar, targeted study of summertime emergency
room (ER) visits across the entire state from 2005–08
showed mortality increased 1 7 percent under
conditions of a 10-degree increase over regional
averages 35 Table 4 displays morbidity by diagnosis
across the 16 studied climate zones (including parts
of Arcata, China Lake, El Centro, El Toro, Fresno,
Los Angeles, Mount Shasta, Oakland, Pasadena,
Red Bluff, Riverside, Sacramento, San Diego, Santa
Maria, Santa Rosa, and Sunnyvale) per summer that
correspond with a 10-degree temperature rise above
regional average

For children and teenagers ages 5–18, the study
showed a 22 8 percent increase in gastrointestinal
infectious diseases This result is likely due to the
effects of environmental bacterial and viral growth
conditions, which are dependent on air, soil, and
water temperature During warmer temperatures,
changes in bacterial composition of food, skin, soil,
and water may occur, resulting in greater risk of
intestinal diseases 33

The study also included comparisons between
racial groups, indicating high risks for Hispanics in
ischemic stroke (7 2 percent versus 2 8 percent
average), ischemic heart disease (5 2 percent vs
1 7 percent average), acute renal failure
(21 8 percent vs 15 9 percent average), and
intestinal infections (10 4 percent vs 6 1 percent
average) Similar comparisons showed greater risks
for Asians in dehydration (37 4 percent vs
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Table 4
Summertime Heat-Related Morbidity
in California, 2005–08
% Increased Risk of
ER Visit
Heat Illness (including
heatstroke, heat exhaustion,
and heat cramps)

393

Dehydration

25.6

Acute Renal Failure

15.9

Hypotension

12.7

Intestinal Infection

6.1

Diabetes

4.3

Ischemic Stroke

2.8

Cardiac Dysrhythmia

2.8

Ischemic Heart Disease

1.7

Excess risk of ER visit per diagnosis under conditions of
a 10-degree temperature increase above local average in
summertime months 35

25 6 percent average) and primary diabetes
(7 6 percent vs 4 3 percent average) The study’s
authors speculate the disparities may be due to less
preventive care and greater use of the ER by different
ethnic groups
A different study from 1992 showed the elderly
(defned as adults older than 65) in four metropolitan
cities of Southern California—Los Angeles, San
Bernardino, San Diego, and Santa Ana—face a
15 percent increased risk of mortality per 10-degrees
temperature increase, while the elderly in two
metropolitan cities of Northern California—Oakland
and San Jose—face an 8 percent increased risk 36
High ambient temperatures also have been
associated with preterm births (delivery before
37 gestational weeks), a primary cause of infant
mortality and morbidity 37,38 A study of 16 California
counties (Alameda, Contra Costa, Fresno, Kern,
Los Angeles, Merced, Orange, Riverside,
Sacramento, San Bernardino, San Diego, San
Joaquin, Santa Clara, Solano, Tulare, and Ventura)
from 1999–2006 showed a signifcant association

Table 5
Risk of Preterm Birth Increases
During Warmer Temperatures
County

Heightened
Risk

95%
Confdence
Interval

Alameda

21.2

4.7, 40.3

Contra Costa

12.4

-7.2, 36.2

Fresno

9.9

1.7, 18.7

Kern

7.3

-1.6, 17.1

Los Angeles

4.9

0.1, 9.9

Merced

-10.7

-32.5, 18.2

Orange

15.9

2.0, 31.7

Riverside

1.2

-7.8, 11

Sacramento

16.0

7.0, 25.9

San Bernardino

9.0

1.4, 17.1

San Diego

10.7

0.0, 22.6

San Joaquin

13.2

2.1, 25.5

Santa Clara

5.0

-13.4, 27.3

Solano

-6.7

-31.4, 27

Tulare

12.1

-3.8, 30.5

Ventura

13.2

-3.1, 32.2

County-level estimates for the percent change associated with a
10-degree Fahrenheit increase in weekly average temperature in
preterm births, May–September 1999–2006 The analysis included
more than 60,000 births and controlled for air pollution 40

of heightened risk of preterm delivery per 10-degree
Fahrenheit increase in temperature, as indicated by
county in Table 5 39 The results were independent
of air pollution, a known environmental risk factor
for preterm births The association was signifcant
across all demographics, averaging 8 6 percent but
higher for younger mothers The data also reveal
that risks of negative health outcomes are different
across racial groups: black (14 9 percent), Asian
(10 2 percent), Hispanic (8 1 percent), and white
(6 6 percent) Previous investigations have indicated
similar disparities in birth outcomes by race/ethnicity,
without accounting for temperature
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Heat Waves
Heat waves are defned as a period when daily
average temperatures rise above the geographic
zone– and month–specifc 95th percentile for at
least two consecutive days The occurrence of
heat waves, particularly at night, has increased in
frequency (Figure 3) It is anticipated that some areas
of California can expect up to four to 10 times the
number of heat waves due to climate change by
mid-century In addition to the health effects from
increased ambient temperatures, heat waves are
known to further exacerbate risks of mortality and
cardiovascular morbidity 41,42
Three independent studies tracked mortality and
morbidity following California’s 2006 heat wave
One study found a 9 percent increase in mortality
per 10-degree Fahrenheit increase in temperature in
seven affected counties (Fresno, Imperial,
Los Angeles, Kern, Merced, Sacramento, and
San Bernardino), causing approximately 600 heatrelated deaths over about two weeks The second
report quantifed 1,182 excess hospitalizations
and 16,166 excess ER visits across the state due
to the heat wave, with different regions hit harder
than others (Figure 4) The greatest risk increases
of negative health outcomes were seen along the
Central Coast, North Central, and Central Valley 43
Of the occupational deaths linked to the heat wave,

71 percent were agricultural 44 A third analysis of
the cost to society for the excess hospitalizations
and ER visits during the heat wave estimated that
$132 million was spent, primarily for in-hospital
expenses 45
A wide-ranging study of 19 heat waves across
California from 1999–2009 concluded that hospital
admissions increase on average by 7 percent
on peak heat wave days, with particular impacts
on cardiovascular disease, respiratory disease,
dehydration, acute renal failure, heat illness,
and mental health 48 In total, 11,000 excess
hospitalizations occurred due to extreme heat over
the course of the 10-year study period, with the
strongest health impacts seen in the North Coast
(10 5 percent increase in morbidity), the Central
Valley (8 1 percent), Southern Deserts (6 3 percent),
and the South Coast (5 6 percent) Figure 5 depicts
the relationship between relative temperature
increase (left panel) and morbidity (right panel) Daily
morbidity per region is shown in Table 6
Figure 4
Excess Risks of an ER Visit During the
2006 Heat Wave

Figure 3
Statewide Nighttime Heat Waves
April–October, 1950–2017
90

80

Nighttime Heat Waves

70
60
50
40
30
20
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1970
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2000

2010

Heat waves have occurred with increasing frequency over
the last four decades compared to earlier in the century
Reproduced with permission from the authors 46

2020

Relative risks (95 percent Confdence Intervals) for ER visits for
heat-related illnesses among all ages, during the July 15–
August 1, 2006 heat wave, compared with a reference period
(July 8–14 and August 12–22, 2006) Reproduced with permission
from the authors 47
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Other research on California-specifc heat wave
impacts, measured by hospital visits from
1999–2009, identifed increased risks especially
for acute renal failure (21 percent) and dehydration
(20 percent), compared with elevated ambient
temperature 50 The study corroborated earlier
research showing risk of hospitalization for the
following illnesses also was heightened during
generally hot days: appendicitis (11 percent),
ischemic stroke (3 percent), mental health
(4 percent), noninfectious enteritis (5 percent), and
primary diabetes (6 percent) Furthermore, Hispanics
were found to have about a 9 percent greater risk
of respiratory diseases than Caucasians during heat
waves In general, socioeconomically disadvantaged
Californians suffer the impacts the most by heat
wave and heatstroke mortality, especially in the inner
city 51 As more intense, frequent, and longer heat
waves are predicted for California,52 health outcomes
also are likely to worsen

as population exposure and susceptibility Social
determinants of health, such as poverty, education,
and land-use elements, contribute strongly to each
level of assessment

Figure 5
Coastal Regions at Greater Risk
of Heat-Related Illnesses
Relative Temperature
Increase

Health Outcome

Vulnerable Populations
Not everyone is equally at risk of heat-related
mortality and morbidity Figure 6 shows several
components of risk associated with heat, which
need to be included when assessing the level of
vulnerability Understanding the multiple factors that
characterize risk is essential for adaptation efforts,
such as hazard frequency and severity, as well

The pattern of heat-related health outcomes by region in
California is represented here by a metric of temperature intensity
in relation to average maximum temperatures in the left panel
The increased risk of hospitalization as a result of heat waves
is represented in the right panel, showing the coastal regions
of California are most vulnerable The gradient represents the
coevolution of temperature and hospitalizations from weakest
relationship (light yellow) to strongest (dark red) The acronyms
are Central Valley (CV), Southern Deserts (SD), North Coast (CN),
South Coast (CS), Northern Forests (NF), and Mojave Desert
(MJ) ©American Meteorological Society 49 Used with permission

Table 6
Average Daily Increase in Hospital Admissions During Heat Waves Across California, 1999–2009
Region

Daily Average
Hospitalizations,
All Causes,
1999-2009 Baseline

Average Excess Daily
Morbidity (Count) During
the Peak Day of a
Heat Wave

Average Excess Daily
Morbidity (Percent Above
Normal) for the Peak Day
of a Heat Wave

Central Valley

533

43.4

8.1%

Southern Deserts

148

9.4

6.3%

North Coast

448

46.9

10.5%

South Coast

1276

70.9

5.6%

Mojave Desert

62

1.7

2.7%

Northern Forests

49

0.5

1.0%

The degree to which heat waves impact human health varies across different regions 49

Climate Change and Health |

11

Figure 6
Components of Heat-Related Morbidity and Mortality Risk

Global climate, macroeconomic factors
(e.g., climate change, income inequality)

Mesoscale climate
(e.g., urban sprawl, land use change)

Neighborhood microclimate,
local social factors
(e.g., green space, education, crime)
Home and immediate
social environment
(e.g., AC, race, poverty, isolation)

Physiologic susceptibility
(e.g., age, diabetes, obesity)

Many factors contribute to a person’s risk for heat-related morbidity and mortality, including biological predispositions and social determinants
of health Adapted from Environmental Health Perspectives 53

Outdoor workers, such as those in the agricultural
and construction industries, tend to be the most
affected by hot temperatures 54 Several state offces
track occupational deaths and illnesses, including
the Department of Industrial Relations’ Division of
Occupational Safety and Health (Cal/OSHA) and
the Department of Public Health’s Climate Change
& Health Vulnerability Indicators for California
(CCHVIs) 55,56 Of occupational heat-related deaths
and illnesses in 2005, a Cal/OSHA investigation
found that 38 percent were agricultural workers,
29 percent were construction workers, and almost all
(96 percent) were involved in outdoor work 57

Heat waves constitute a grave risk for individuals with
preexisting mental illness A controlled meta-analysis
of more than 1,000 heat wave-related deaths found
a preexisting mental illness triples one’s risk of
death due to heat wave exposure 58 Another study
concluded that 52 percent of heat-related deaths
during a 2012 heat wave in Wisconsin occurred
among individuals with at least one mental illness
(14 deaths in a sample size of 27) 59 Further research
has shown that patients with a substance abuse
diagnosis are at 8 percent and 20 percent greater
risk of heat wave-related mortality, related to alcohol
and non-alcohol substance abuse, respectively 60
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Urban Heat Islands

Greater reductions in hospital admissions also would
be expected

During regional heat events, urban cities encounter
higher temperatures than surrounding rural areas
primarily due to more pavement and building
materials that capture and retain heat, with
differences reaching 6 degrees during the day and
up to 22 degrees at night 61,62 This pattern is called
the “urban heat island effect,”63 and the rate of
temperature increase varies for different cities 64
The urban heat island effect strengthens the
impact of heat waves and affects human health
by exacerbating the above-mentioned medical
complications associated with heat-induced
respiratory issues, heat illness, and heat-related
mortality Not only are daytime temperatures higher,
but hotter nighttime temperatures are particularly
dangerous, as urban residents are unable to recover
and therefore become more vulnerable to heatrelated medical complications 65 Low-income areas
also tend to have greater heat-related mortality
rates 66
In one study, researchers predicted extreme heat
events will increase faster in Fresno and
San Francisco, compared with Los Angeles and
San Diego 67 Another research team in 2014
examined four extreme temperature events in
Los Angeles, spanning about three weeks, and
calculated 393 premature heat-related deaths total 68
Looking forward, the research team predicted that
deaths could be avoided by adaptation efforts, such
as increasing urban surface refectance (such as
green roofs) and vegetation (such as shade trees)

Outdoor workers bear the majority of occupational heatrelated deaths and illnesses

Recent research of the Los Angeles Basin explored
opportunities to decrease the urban heat island
effect by increasing a city’s tree canopy and use of
refective building materials 69 In the San Fernando
Valley, for example, localized heat islands were
present in neighborhoods with the lowest
vegetation canopy cover In downtown Los Angeles,
localized heat islands were mapped in areas with
the least refective roofs Further results showed
that neighborhoods may be cooler by 5 degrees
Fahrenheit during the day with greater use of
refective roofs With greater canopy cover,
neighborhoods may be cooler by 4 1 degrees
Fahrenheit during the day and 6 degrees Fahrenheit
at night 70
CalEPA maintains an Urban Heat Island Index to
quantify and track the extent and severity of
urban heat islands for individual cities throughout
the state 71

Kidney Stones
Kidney stone disease, or nephrolithiasis, develops
in response to environmental and metabolic risk
factors and is more prevalent in warmer climates As
minerals build up in the kidneys, solid crystals can
form that aggravate the urinary tract downstream,
resulting in pain and occasionally requiring surgical
removal As ambient temperatures increase, more
fuid is lost through the skin as sweat Under
conditions of dehydration, minerals in the kidneys are
more likely to build up and form kidney stones
Climate change models anticipate the “kidney stone
belt” across the United States, which includes the
lower half of California, will encompass the state fully
by 2050 (Figure 7), placing all Californians at higher
risk of developing kidney stones 72 The geographic
expansion corresponds to a 10 7 percent increase in
risk, 542,000 new cases, and annual cost increase
of approximately $110 million across the state of
California for direct health care services Indirect
costs, such as those associated with lost work
time, were not considered but likely would add an
additional 15 percent to 20 percent to the computed
costs 73
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Figure 7
Predicted Growth in High-Risk Kidney Stone Disease Across the United States, 2000–95

In 2000, 41 percent of the population lived within a high-risk zone By 2050 and 2095, scientists predict that 56 percent and 70 percent
of the national population, respectively, will be at high risk of developing kidney stones due to warmer temperatures Reproduced from the
Proceedings of the National Academy of Sciences.74

Projected Mortality Due to Heat
According to CalEPA scientists, an increase of
6,700 to 11,300 annual premature deaths has been
projected for California by 2050 due exclusively to
higher average temperatures, if emissions continue
at current rates 75
An analysis conducted in 2006 by the California
Climate Change Center, a former program of
the California Energy Commission, used data
from the National Center for Health Statistics to
model summertime deaths due to increasing
temperatures from 1971 to 2099 Historical data
show that deaths due to heat are already a reality
in California During a typical summer in the
1990s, for example, researchers attributed up to
160 excess deaths to heat in Los Angeles and up to
15 excess deaths in Sacramento 76 Location-specifc
projections are based on algorithms that, among
other metrics, account for the population size, the
city-specifc threshold temperature at which mortality
is affected, and numbers of total and consecutive
days with maximum temperatures

high greenhouse gas (GHG) emissions and low
GHG emissions The two emissions scenarios are
those presented by the IPCC Special Report on
Emission Scenarios, accounting for future societal
development and corresponding GHG emissions,
which are largely dependent on technological
development and political decisions 77 The highemissions condition refects a future society
characterized by rapid technological expansion,
extensive economic globalization, and a fossil
fuel-intensive energy path, reaching six times 1990
levels by 2100 (970 ppm CO2 concentrations) The
low-emissions scenario assumes a society that
transitions relatively rapidly to service and information
economies, with a peak emissions level of about
two times 1990 levels at mid-century, followed
by a decline to below current-day levels by 2100
(550 ppm CO2 concentrations) The simulation also
includes baseline outcomes for 1971–2000
As an example, the model projects that by the end
of the century in Sacramento, the number of excess
deaths due to climate change-related heat could rise
nearly sevenfold to 104, compared with the
1971–2000 baseline

Table 7 shows the simulated annual mortality events
for fve cities in California and across two scenarios:
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Table 7
Projections for Annual Citywide Summertime Deaths by Mid-Century
and End of Century Without Acclimatization
Projected Annual Summertime Deaths
City

Scenario

1971–2000 Baseline

2035–64

2070–99

San Francisco

High emissions

1

6

35

Low emissions

1

3

6

High emissions

91

412

868

Low emissions

95

231

385

High emissions

11

45

85

Low emissions

10

27

43

High emissions

15

49

104

Low emissions

11

36

52

High emissions

32

77

130

Low emissions

28

59

79

Los Angeles

San Bernardino

Sacramento

Fresno

A 2006 analysis used climate and health data to project future heat-related mortality 78

.........................................................................................................................................................................

Access to Air Conditioning
Historically, air conditioning has been the most
signifcant factor in reducing high heat-related
morbidity and mortality, even more signifcant than
access to electricity and health care 79 Toward
adaptation strategies, one study used data from
1999–2005 and predicted a 10 percent increase in
air-conditioning ownership would reduce heat-related
morbidity across demographics in California by
20 percent for respiratory diseases, 49 percent
for cardiovascular diseases, 12 percent for
dehydration, and 4 percent for heatstroke 80 Another
large-scale, statewide study in 2011 predicted a
20 percent increase in air-conditioner use would
reduce projected annual premature fatalities by about
33 percent by 2050 81
A more targeted study in 2018 explored various
regions of San Diego County to understand the
relationship between access to air conditioning and
health outcomes 82 In general, coastal residents
were more sensitive to heat-related health problems

than inland residents Along the coast, residents
are less acclimated to heat and may not have air
conditioning in their homes In areas where fewer
residents had access to air conditioning, heat-related
hospitalizations increased by 14 6 percent on hot
days compared with mild days In similar areas
with greater air-conditioning access, no detectable
increase in hospitalizations occurred Income,
ethnicity, and homeownership were all associated
with disparities in air-conditioning access
Researchers also noted that ownership of an airconditioning unit does not always translate to
access, as fnancial constraints may prevent lowincome groups from use 83 As climate change
projections identify steep increases in frequency,
duration, and intensity of heat episodes, especially in
coastal areas, access to air conditioning will continue
to be a signifcant factor in preventing morbidity and
mortality 84
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Air Quality Impacts
Climate change is expected to worsen air quality,
both directly and indirectly Weather patterns,
such as temperatures, precipitation, wind, and
humidity, are infuenced by climate change and
affect the underlying mechanisms of air quality
These weather changes also exacerbate naturally
occurring emissions, such as smoke from wildfres
and wind-blown dust Poor air quality can have a
range of adverse effects on human respiratory and
cardiovascular systems Other health impacts are at
risk as well, such as allergies, since airborne allergen
concentration and distribution are anticipated to
grow under climate change scenarios

Ambient Air Pollution
Health issues associated with air pollution are welldocumented, and climate change is projected to
intensify conditions that for various reasons already
pose public health challenges Two of the most
closely tracked air pollutants that impact health are
ground-level ozone (a key component of smog)
and fne airborne particulate matter with a diameter
of less than 2 5 microns (PM2 5) Concentration of
ozone is affected by heat, the presence of precursor
chemicals, and methane emissions Ozone has been
associated with diminished lung function, asthma,

and premature death Ozone exposure results in
symptoms that limit normal daily activity (such as
shortness of breath) and can cause school absences
and hospitalizations Particulate matter is primarily a
product of wildfre smoke and air stagnation, among
other conditions Particulate matter exposure is
linked to chronic bronchitis and other respiratory
symptoms, loss of workdays, and premature death
By amplifying the factors that lead to particulate
matter and ground-level ozone, including longer
ozone season and intensifed episodes of high ozone
concentration, climate change is projected to reduce
air quality in some regions 85,86 Areas of concentrated
emissions, like around motor vehicle traffc and
power plants, will be especially affected
The relationship between higher temperatures
and worsened air quality has been explored by
researchers One study in Los Angeles in 1994
found for every 1 8-degree Fahrenheit rise over
72 degrees, the incidence of smog increases by
5 percent 87 Also, a meta-analysis in 2008 of cities
in Southern California reported an increase of
18 degrees Fahrenheit compared with the same day
in previous years was associated with an increase
in cardiovascular mortality by 8 31 percent for areas
with the highest level of ozone concentrations and
1 17 percent for areas with the lowest level of ozone
concentrations across all communities 88,89
Los Angeles and the San Joaquin Valley already
often rank among the areas with the worst air
pollution in the nation, with the latter exceeding
national air quality standards 80 to 135 days a
year 90 One study in 2004 analyzed the public health
effects of San Joaquin Valley’s air pollution 91 Due
to substandard air quality, the valley’s residents are
subject to the following every year (compared with
models of air quality conditions that meet federal
standards):

Warm temperatures exacerbate smog conditions, which increase
communities’ risks of developing respiratory and cardiovascular
diseases, such as asthma and cardiovascular failure

>

460 premature deaths among those at least
30 years old

>

325 new cases of chronic bronchitis

>

188,400 days of reduced activity in adults

>

260 hospital admissions

>

23,300 asthma attacks
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>

188,000 days of school absence

>

3,230 cases of acute bronchitis in children

>

3,000 lost work days

>

More than 17,000 days of respiratory symptoms
in children

Bringing air quality in the San Joaquin Valley to
current standards would equate to more than
$3 billion saved, according to the study The research
reveals Hispanics and non-Hispanic blacks are more
likely to be exposed to substandard air quality, and
residents of Fresno and Kern counties are hardest
hit, compared with the valley as a whole Fresno
County, in particular, accounts for about a third
of San Joaquin Valley-wide health-related costs
associated with poor air quality
Outdoor workers, such as those in the San Joaquin
Valley, are especially vulnerable to reduced air
quality caused by activities such as “tilling of dry soil,
agricultural burning, crop harvesting, and dieselpowered water pumping ”92 The main air pollutants
that cause negative outcomes for outdoor workers
include ground-level ozone, particulate matter, and
diesel soot 93,94
Considering air quality statewide, the California Air
Resources Board in 2005 reported the following
adverse outcomes occurred annually due to
concentrations of ozone and PM2 5 that do not meet
state standards:95,96

As air quality challenges increase due to climate change, rates of
asthma are expected to climb

admitted to hospitals due to respiratory symptoms
across six California counties (Fresno, Kern,
Riverside, Sacramento, San Diego, and
Santa Clara), demonstrated that health risks for
pneumonia, acute bronchitis, and asthma were
associated with components of PM2 5, including
elemental carbon, organic carbon, nitrates,
and sulfates 99 Children presented with the
following excess risks: 4 1 percent excess risk of
hospitalization from PM2 5, 5 4 percent excess risk
from elemental carbon, 3 4 percent excess risk
from organic carbon, 3 3 percent excess risk from
nitrates, and 3 percent excess risk from sulfates

>

8,800 premature deaths

>

9,500 hospitalizations and emergency room
visits

>

4 7 million school absences

>

2 8 million lost work days

Another study from 2002 followed 265 new cases
of childhood asthma (9–16 years old) over fve
years in 12 Southern California communities and
linked higher risks with outdoor aerobic activities
(3 3 percent greater risk) and time spent outside
(1 4 percent greater risk) 100 A higher-than-average
level of ozone was the primary factor contributing to
asthma risk

>

$2 2 billion for hospitalizations and medical
treatment

Wildfire Smoke

>

$69 billion lost from premature deaths97

Asthma
Asthma is a common health challenge related to
air quality Currently, about 8 1 percent of adults
(2 3 million) and 9 4 percent of children (851,000) in
California live with asthma 98 A 2009 study of children

With climate change there is greater risk of California
experiencing large wildfres and communities being
exposed to harmful wildfre smoke 101-103 California
has already seen the results of climate change
on the frequency, size, and duration of wildfres,
primarily due to more intense droughts and higher
temperatures 104 During and after a drought,
especially under hotter conditions, vegetation is drier,
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Figure 8
Concentration and Dispersion of Smoke Plumes

Smoke plumes are concentrated during wildfres in Southern California, left, and become more widespread after days of air movement, right
Reproduced with permission from the authors 111

and heat-induced winds can cause a fre to spread
more rapidly 105
Large wildfres of more than 494 acres are expected
to increase 21 percent by 2034, and to increase
84 percent between 2070 and 2099 106 Some climate
models predict a doubling of wildfre emissions in
California by the end of the century 107 More than
2 7 million Californians presently live in high-risk
wildfre areas 108 Besides injuries, deaths, and the
temporary or permanent displacement of people
that result from wildfres, the effects on public health
primarily are linked to the inhalation of wildfre smoke,
which is a signifcant source of PM2 5, carbon dioxide,
carbon monoxide, and other components 109
The characteristics of individual episodes of wildfre
smoke exposure depend heavily on weather
conditions and terrain The intense heat of a wildfre
lofts smoke high into the air, where it cools before
descending back to the ground level Initial fre
plumes tend to be wind-driven events, but as the
smoke moves downwind, it often becomes more
widespread before reaching the ground Figure 8
illustrates one example of wildfre smoke dispersion
over Southern California wildfres 110
Studies have examined the public health problems
associated with large wildfre events, often measured
by ER visits, hospitalizations, and outpatient visits
An analysis of the entire 2015 wildfre season across

northern and central parts of the state explored
cardiovascular and cerebrovascular health impacts
attributable to wildfre smoke 112 More than 800,000
acres burned, and millions of people were exposed
to dense concentrations of smoke The areas that
withstood the greatest burden of smoke days were
also the most heavily populated: the North Coast,
Sacramento Valley, and San Joaquin Valley The
study found ER visits increased across all adult age
groups Adults older than 65 were most affected,
visiting the ER during periods of heaviest smoke
conditions at rates 115 percent and 122 percent
higher than non-smoke days for cardiovascular and
cerebrovascular conditions, respectively For this age
group, the greatest changes in risk were observed
for pulmonary embolism (171 percent), myocardial
infarction (142 percent), ischemic heart disease
(122 percent), and heart failure (122 percent) Adults
ages 19 to 44 also were visiting the ER 190 percent
more frequently for ischemic stroke in the days
following the peak smoke days
A study of the 2007 San Diego wildfres’ effects
on Medi-Cal healthcare utilization also revealed
a number of health issues related to smoke
exposure 113 During the most intense days of the
fre, ER visits for asthma increased by 112 percent
and for general respiratory conditions by 34 percent
relative to days without smoke exposure For fve
days following the peak of the wildfre, outpatient
visits for acute bronchitis remained 72 percent
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above the usual rate Infants and young children
were the most affected: emergency departments
processed 243 percent more visits for infants up
to a year old for asthma and 136 percent more
visits for children from birth to 4 years of age Such
exposure to wildfre smoke during early childhood is
concerning for the potential long-term harm to lung
development
The October 2003 wildfres in Southern California
also have been studied by linking respiratory hospital
admissions with air quality 114 At peak smoke
conditions, some sites averaged 240 micrograms
per cubic meter (μg/m3) PM2 5 over 24 hours,
12 times higher than normal and 6 9 times the
national standard for acceptable concentrations
The wildfres destroyed about 5,000 structures and
generated smoke that potentially affected
20 5 million California residents Heavy smoke
conditions (with average increases of 70 μg/m3
PM2 5) led to a 34 percent increase in hospitalizations
across all ages due to asthma, with the highest
increases among children and the elderly Risks were
sustained during the two weeks after the fres, with
increases of 56 percent for 5- to 19-year-olds and
36 percent for 20- to 64-year-olds In heavy smoke
conditions, acute bronchitis admissions increased on
average by approximately 67 percent across all ages,
chronic obstructive pulmonary disease admissions
increased by approximately 48 percent for people
ages 20–64, and pneumonia admissions increased
by approximately 45 percent for ages 5–18 In total,
the number of hospital admissions across all
illnesses peaked while the wildfres were actively
burning Following the fres, admission rates still
increased by 137 percent for acute bronchitis and
30 percent for pneumonia for 20- to 64-year-olds
(48 percent increase and 27 percent to
46 percent across all ages, respectively) Following
the fres, risks of congestive heart failure and
combined cardiovascular admissions were
11 3 percent and 6 1 percent higher, respectively
A second study of the same series of wildfres
explored preventative measures and demonstrated
benefts of remaining indoors, reducing physical
activity, using air conditioning, and wearing air
fltration masks when outdoors 115

Tribal communities are one of the most vulnerable
groups to the effects of climate change, wildfre risk
included, since tribes do not have the same capacity
to relocate following fre damage 116 As a case study,
some researchers quantifed the public health effects
of the 1999 wildfres on the residents of the Hoopa
Valley National Indian Reservation in Humboldt
County 117 During the wildfres, respiratory-related
clinical visits increased by 217 visits, a
52 percent increase over the previous year
Additionally, a survey revealed 62 6 percent of
residents reported respiratory symptoms, especially
those with preexisting cardiopulmonary conditions
Urban areas also are increasingly at risk under
climate change projections A 1991 wildfre in
Alameda County that followed years of drought
conditions was associated with 25 fatalities and
241 fre-related hospital emergency room visits 118 Of
the hospital visits, smoke-related injuries were double
those of burns or trauma Most of the patients with
smoke-related disorders (61 percent) presented with
diffculty breathing from bronchospasms
Limiting smoke exposure by encouraging evacuation
helps stem negative health outcomes Following a
2002 fre in Arizona, researchers found people who
were not evacuated from the area affected by smoke
reported signifcantly more respiratory symptoms
than people who were evacuated Prevalence of selfreported asthma exacerbation increased 86 percent
among people living in the non-evacuated area,
compared with 39 percent among evacuees 119

Climate change is contributing to increasing frequency, size, and
duration of wildfres In addition to injuries and displacement, smoke
inhalation is a primary driver of negative public health effects
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Figure 9
Statewide Rates of Valley Fever, 1990–2016
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Valley Fever
Climate change also has implications for Valley fever
When soils dry due to high temperatures or drought
conditions, fungal spores (Coccidioides immitis)
are carried alongside dust through the air, causing
coccidioidomycosis, or Valley fever Symptoms
include fever, chest pain, coughing, and blistering
rash In severe cases, the disease can result in
meningitis (infection of the brain and spinal cord),
ulcers, and painful lesions in the skull or spine
Research has shown that black and Filipino people
are at greatest risk,120,121 as are the elderly, pregnant
women, and people who have diabetes or weakened
immune systems, such as HIV/AIDS and organ
transplant patients 122,123
In 2017, 5,121 cases of Valley fever were reported
throughout California, 34 percent more cases than
in 2016 124 Figure 9 illustrates statewide trends in
annual incidence rates
The highest average annual incidence rates
between 2009 and 2012 were in the counties of
Kern (205 1 cases per 100,000 residents), Kings
(191 7 per 100,000), Fresno (64 5 per 100,000),
San Luis Obispo (47 2 per 100,000), Tulare (39 2

per 100,000), and Madera (20 7 per 100,000) 126
Between 2000 and 2011, prevalence of the disease
increased fvefold in California, with 75 percent of
cases concentrated in the San Joaquin Valley 127
By the end of 2012, the drought of 2012–16 had
caused a 67 7 percent increase in annual rates of
Valley fever statewide, equating to approximately
1,672 additional cases per year, mostly in the San
Joaquin Valley 128
Risk is greatest among outdoor workers A study in
2015 analyzed rates of Valley fever among workers at
solar power-generating facilities in San Luis Obispo
County, where the work involved soil disruption
Forty-four cases were identifed over three years
(1 2 cases/100 workers), with nine hospitalizations
(median of three days), 34 missing work (median of
22 days), and two disseminated cases in which the
infection spread to other areas of the body 129

Allergens
With climate change, heavy rainfall and storms will
become more frequent and winter temperatures
will become milder As a result, airborne allergen
concentrations are likely to grow and allergy seasons
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will extend, amplifying the potential for increased
cases and severity of allergic illnesses and asthma
complications 130,131 Californians are exposed to
plant-based allergens during three distinct seasons:
tree pollen in the spring, grass pollen in the early
summer, and weed pollen throughout the summer
and fall 132 Higher levels of carbon dioxide and
warmer seasonal air temperatures both contribute
to shifts in fowering time and pollen initiation,
exacerbating the production of plant-based allergens
and elongating the allergy season One study in
2010 projected that pollen seasons in Southern
California are likely to occur fve to eight days earlier
than historic averages by mid-century due to climate
change, increasing residents’ exposure to airborne
allergens 133 Around mid-century, it is possible that
pollen production may decrease by up to 10 percent
due to drier conditions
Plant species already have moved into new areas
due to climate change In the Santa Rosa Mountains
of Southern California, for example, changes in
regional climate between 1977 and 2007 resulted
in the expansion of plant distribution The average
elevation of dominant plant species was more than
200 feet higher 134
Furthermore, by 2000, the frost-free season in
California had already increased by three weeks,
compared with pre-1960 Researchers anticipate
the frost-free season in California likely will increase
by eight weeks by the end of the century if climate
change mitigation is unsuccessful 135

The most common allergic diseases linked to
exposure to airborne allergens include asthma, hay
fever, and eczema In the United States, the rate of
hay fever in 2000 was 30 percent of the population,
up from 10 percent in 1970 A survey of U S cities
most affected by allergies, including Riverside–San
Bernardino, Sacramento, Los Angeles, San Diego,
and San Francisco, indicated a 15 percent increase
in allergies triggered by ragweed, the most common
allergen, between 2005 and 2008 136

Extreme Weather Events
The frequency and severity of extreme events are
expected to increase in California and include
storms, foods, droughts, and wildfres 137 Table 8
shows some of the health impacts associated with
extreme events that could worsen with climate
change
Associations between extreme weather events and
injuries, death, and illness are well documented,
such as an uptick in road collisions during inclement
weather 139 Other health measures also are affected
around the time of an extreme weather event,
including during disaster preparation or post-event
cleanup Property damage, destruction of assets,
environmental degradation, and loss of health
care and emergency response infrastructure and
public services also are expected to worsen health
outcomes for the most affected areas, as well as
surrounding regions
Extreme precipitation events are linked to higher
levels of pathogens in drinking water resources due
to storm runoff, as discussed later in the report 140 A
2010 study in a major U S metropolitan area looked
further into the health impacts associated with
rainfall and concluded a signifcant relationship with
gastrointestinal illness in children: up to four days
after a rainfall event, ER visits increased by
11 percent for pediatric acute gastrointestinal
illness 141 The authors noted that municipal water
systems may be overwhelmed during heavy
precipitation events, despite meeting current water
quality standards 142

Rates of Valley fever increase during periods of dry weather
conditions, when fungal spores are carried into the air alongside
dust during activities that disrupt the soil

Health effects may be indirect and occur several
months after an extreme weather event For
example, Tulare County experienced an outbreak of
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Table 8
Summary of Health Impacts of Extreme Events
Event Type

Example Health Risks and Impacts
(not exhaustive)

Severe Storms

• Traumatic injury and death
• Illness from reduced water quality
• Carbon monoxide poisoning related to power outages
• Hypothermia and frostbite
• Disruptions to food distribution
• Mental health impacts

Flooding Related to Extreme Precipitation

• Traumatic injury and death (drowning)
• Mental health impacts
• Preterm birth and low birth weight
• Infrastructure disruptions and post-event disease spread
• Carbon monoxide poisoning related to power outages

Droughts

• Reduced water quality and quantity
• Respiratory impacts related to reduced air quality
• Higher incidence of West Nile virus
• Mental health impacts

Wildfres

• Smoke inhalation
• Burns and other traumatic injury
• Asthma exacerbations
• Mental health impacts

Adapted from the U S Global Climate Research Program 138

Valley fever in 1991 after an unusually heavy rainfall
following several years of relative drought 143
Compared with an annual average of 450 cases in
the preceding years, 1,208 cases were reported
The outbreak continued through 1993, with
4,516 cases reported in 1992 and 4,137 in 1993

This pattern of disease outbreak is due to the high
fungal growth rate (of Coccidioides immitis) during
the heavy rainfall, allowing more of the fungus to be
present in the soil during dry conditions, when soil
disruption releases the fungus into the air Notably,
the incidence rate differed by race, with residents of
Asian ethnicity 3 8 times more likely to contract the
disease (153 cases per 100,000 residents; primarily
Filipinos and Laotians)

Vulnerable Populations

Some populations are affected by climate change at greater
rates than others A growing body of research shows that social
determinants of health contribute alongside biomedical factors

A growing feld of health equity research is amplifying
the role of social determinants of health alongside
traditional biomedical approaches, especially in
response to the growing likelihood of extreme
weather events 144,145 The U S Centers for Disease
Control and Prevention (CDC) defne social
determinants of health as external conditions that
infuence one’s physical and mental well-being, such
as factors that are socioeconomic, psychosocial,
and behavioral in nature 146 Inequitable quality of and
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access to resources often are rooted in systemic,
societal, and economic drivers, fostering suboptimal
living conditions that undermine well-being over time
Recognizing the impacts that physical environment,
access to health services, and social and individual
behaviors have on a person’s health, in combination
with biomedical and genetic predispositions, is
critical to addressing the compounding effects of
climate change on public health
Reducing a community’s vulnerability to climate
change-related health impacts is possible by
strengthening its resilience or its capacity to prepare
for, recover from, and adapt after disruptions 147 In
the context of extreme weather events, resilience
would manifest in a community’s ability to evacuate,
recover, or relocate when necessary 148 Researchers
have identifed practical measures for building
resilience among diverse communities, such as
investing in climate-ready health facilities 149
Flooding risks in particular escalate the vulnerability
of coastal populations, which make up nearly threequarters of the state’s population Residents with
disabilities and other disadvantaged communities
are especially susceptible Risk levels will invariably
change as a result of local adaptation strategies,
such as avoiding land development in food-prone
areas 150
Studies have demonstrated that disaster recovery is
largely dependent on a population’s access to health
insurance, as previous events have shown uninsured
people receive about half as much medical care, are
less likely to receive preventive care, and have overall
worse health outcomes 151 As of 2017, 2 9 million
Californians remain uninsured More than half of
them are Latino 152

Vector-Borne Disease
Weather and long-term climate trends can infuence
human health by changing how communities are
exposed to and contract infectious disease Disease
vectors are insects or animals that carry and transmit
pathogens that cause sickness in people The most
common vectors are mosquitos, ticks, feas, and
rodents, all of which exhibit sensitivities to weather
through distinct seasonal patterns and geographic
distributions For example, in areas with freezing

Vectors are insects or rodents that carry pathogens and can
transmit disease to humans, such as ticks, mosquitos, and
rodents Climate change will likely result in the growth of vector
populations across the state

wintertime temperatures, insects and the microbes
they carry often die in the winter, maintaining a check
on population growth Rainfall also may infuence the
transmission of disease by affecting survival rates,
vector behavior, and pathogen virulence
Insects, in particular, are cold-blooded and rely on
their surrounding environment to control their internal
organs Accordingly, an increase in temperature
potentially would favor insect growth and survival As
a result of climate change, vectors are expected to
become more prevalent and more broadly distributed
as temperatures and precipitation patterns shift
toward warmer conditions with stronger storms
Throughout California, seasonal risk and geographic
expansions of diseases are expected, in addition to
enhanced potency of existing disease pathogens
and the emergence of new pathogens The current
research landscape includes the following diseases
and their vectors in light of anticipated climate
change: Lyme disease (transmitted by tick), West
Nile virus (mosquito), dengue fever (mosquito),
Rocky Mountain spotted fever (tick), plague (fea
and rodent), tularemia (tick and deer fy), Chagas
(triatomines, also known as “kissing bugs”),
chikungunya (mosquito), and Rift Valley fever viruses
(mosquito)
The CDPH drives a number of programs that
monitor disease, in collaboration with the CDC Such
programs include collecting samples of mosquitos
and birds, testing sentinel chicken, monitoring equine
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Samples of vectors and human disease cases are regularly
tested by local health departments in collaboration with the
California Department of Public Health

pose an elevated risk of Lyme disease exposure 158
Another study in Mendocino County in 2003
demonstrated that peak tick activity lasted
82 percent longer in warmer and drier habitats
than in cooler and more humid habitats 159 A San
Francisco Bay Area multicounty study in 2015
reported a 3 7 percent total prevalence of infected
ticks, ranging from 2 4 percent to 33 3 percent
across sites, distributed widely throughout the
area 160 As of 2014, the statewide prevalence is
0 6 percent to 0 8 percent, depending on the
species, with greater risk along the northern and
central coasts, as well as the Sierra Nevada foothill
region 161,162

West Nile Virus
infections, and requiring health care providers to
report human cases

Lyme Disease
Lyme disease is the most common vector-borne
disease in the United States and has been tracked
since 1982 The disease is caused by a bacterial
infection (Borrelia burgdorferi) and, in California, is
transmitted to humans by “blacklegged” ticks (Ixodes
pacifcus) In 2016, 141 cases of Lyme disease were
reported across 33 counties, mostly in the north,
with Santa Clara County presenting the greatest
number (11) 153,154 For comparison, 75 cases total
were reported in 2007 throughout the state The
2016 incidence rate was 0 2 cases per 100,000
persons per year
The disease has rapidly spread since the 1980s
due in large part to changes in land-use patterns,
including reforestation and residential development in
wooded areas 155 The research consensus identifes
climate change as a primary cause of expansions
of tick-borne diseases, especially Lyme disease 156
Temperature rise projections are expected to lead to
a doubling in the reproductive capacity of ticks in the
United States by 2100 157
In Mendocino County, a 2010 study reported Lyme
disease infection prevalence is highest in woodlands
(especially hardwoods) and in warmer areas with
more stable humidity Of the dense woodlands
in Mendocino County, 37 percent were found to

West Nile virus (WNV) is transmitted by mosquitos
and was frst detected in the United States in 1999,
reaching California by 2002 163 Monitoring data
between 2002 and 2004 exhibit the consistent
pattern of WNV expansions into new areas during
years with above-normal temperatures 164 CDPH
reported 6,565 cases total across at least 44
counties between 2003 and 2017, including 289
fatalities 165,166 In 2017, 30 percent of the deaths due
to WNV in the United States were in California 167
Research suggests the prevalence of WNV in
California is affected both by temperature and levels
of precipitation County-level mosquito infectivity of
birds has been correlated with temperatures
3 6 degrees to 9 degrees Fahrenheit above
average 168 In a study that assessed more than
16,000 human cases of WNV between 2001 and
2005 in 17 states, including California, higher
ambient temperatures were associated with a
35 percent to 83 percent higher incidence of WNV
infection 169 Further, the presence of at least one day
of heavy rainfall was associated with a 29 percent to
66 percent higher incidence
Studies have illuminated how higher temperatures
increase the amount of virus transmitted from
mosquitos (viral load), accelerate mosquito
reproductive activity, and shorten incubation
periods while carried by mosquitos, which ultimately
increases transmission rates of WNV 170,171 This
fts well with associations of drought and human
incidences of WNV in the United States 172,173
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Figure 10
Summary of West Nile Virus Monitoring, 2009–17
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The left panel shows incidence rates of West Nile virus (WNV) over time The right panel offers county-level specifcity of all human cases of
WNV reported in 2017 182

Research conducted in Kern, Los Angeles, Riverside,
and Yolo counties in 2010 imply that climate change
likely extends the mosquito season and boosts
risk factors of WNV through the effects of warm
winters 174 Further study in 2013 extended that risk
to all locations in California 175
Riverside, Los Angeles, Kern, and Yolo counties
already exhibit higher mosquito populations (ranging
from 83 percent to 671 percent of average) resulting
from warmer winters 176 A study of San Diego County
predicts greater prevalence of WNV-transmitting
mosquitos as the climate changes 177 In 2008,
San Diego County experienced its highest number
of WNV cases with 35 diagnoses In Kern County,
an outbreak occurred during the unusually hot and
dry year of 2007 with 140 human cases reported,
representing a 205 percent to 280 percent increase
since 2004 178 The outbreak is attributed in part to a
high number of abandoned swimming pools during
the housing crisis 179
In addition to hotter temperatures, drought also is
acknowledged as a signifcant climatic driver of WNV
infections During a drought, natural water resources
are scarce, drawing mosquitos to man-made

sources of water, like watered lawns and fountains
The closer proximity to people accordingly leads to
higher infection rates 180
Studies show the drought of 2012–16 contributed to
greater incidences of WNV in California, totaling
379 cases in 2013 alone and concentrated in the
San Joaquin Valley Compared with statewide
infection levels of one case per 100,000 residents
that year, the county of Stanislaus had 3 25, Kern
had 2 90, Madera had 1 97, and San Joaquin
had 1 14 cases 181 Figure 10 displays the results
of WNV monitoring from 2009 to 2017 (left panel)
and numbers of human cases reported in 2017 per
county (right panel) 182

Emergent Vector-Borne Disease
While many climate-sensitive, vector-borne diseases
are not currently present in California, the risk of
spread is increasing, as vector populations expand
into areas previously inhospitable due to unfavorable
temperatures and rainfall patterns As weather trends
change, disease vectors are expected to follow
Several dangerous diseases considered at high risk
of expanding into the state are described next

Climate Change and Health |

25

Plague is caused by a bacterial infection from the
bite of an infected fea or by direct contact with an
infected rodent Between 1927 and 2015,
63 cases of human plague were reported in
California Earlier in the century, 426 cases were
the result of outbreaks between 1900 and 1925 183
Research has demonstrated that climate plays
a role in the geographic spread of plague, which
is expected to shift slightly northward 184 Climate
models suggest the risk of plague will decrease in
Southern California and increase along the Northern/
Central Coast and northern Sierra counties by 2050
Campgrounds in Yosemite are regularly closed due
to the presence of plague-infected squirrels, with two
human cases reported in 2015 185
Dengue fever, also known as “bone-breaking fever,”
may be transmitted by two species of mosquito
present in some Central and Southern California
counties While there have been no locally acquired
infections, approximately 150 California residents
contract the disease annually while traveling 186
Researchers predict local transmission in the
southernmost United States is not far off—including
in California—due to warmer winters, which expand
the suitable area for mosquito vectors and extend
the dengue transmission season 187,188 Across the
border in Mexico, where more than 18,000 human
cases are currently reported annually, research warns
dengue incidence may increase 40 percent by 2080
due to climate change 189

Monitoring and controlling the expansion of disease-carrying
vector populations into new regions is a priority as climate change
is likely to make many areas of the state more favorable to insect
and rodent survival and growth As minimum temperatures warm,
for example, more insect larvae will survive the winter months,
allowing for population expansion

Tularemia is caused by a bacterial infection often
spread by tick bites and exposure to infected rodents
and occasionally by ingestion of contaminated water
Symptoms include skin ulcers, chest pain, and
diffculty breathing Studies show climate change will
induce a northward spread of tularemia, possibly into
California, due to rising temperatures and shifting
precipitation patterns 190
Chagas is a rare disease in California transmitted
by triatomines, also known as “kissing bugs,” which
are native to the state and found in desert regions,
as well as the foothill areas in Southern California
and surrounding the Central Valley Almost all of the
state’s 70,000 to 100,000 cases occur in immigrants
primarily from Mexico, Central America, and South
America (1 24 percent of Los Angeles residents
born in Latin America have tested positive) 191 The
only known case of locally acquired Chagas disease
occurred in Tuolumne County (Lake Don Pedro) in
1982 192
A 2010 study of Chagas monitored vector infection
rates in Los Angeles County (Glendora) and San
Diego County (Escondido) and found 36 percent
and 19 percent of the kissing bugs were infected,
respectively, comparable to historic accounts 193,194
A similar study in 2016 found 55 percent of bugs in
Calaveras County (Vallecito), 34 percent in San Diego
County (Escondido), and 20 percent in Los Angeles
County (numerous cities) were infected Molecular
analysis revealed that strains found in California likely
are equally capable of causing human disease 195
Researchers anticipate that rising temperatures
due to climate change will expand the geographical
region at risk of Chagas disease transmission by up
to 23 percent across the United States by 2030 196
Malaria poses less risk to Californians considering
there are approximately 1,700 cases per year in
the United States Still, vectors with the potential to
carry and transmit such pathogens (like Anopheles
hermsi and Anopheles freeborni mosquitos) exist in
California 197 Historically, between 1950 and 1990,
14 outbreaks of malaria (caused by Plasmodium
vivax) were detected in California 198 The nation’s
largest outbreak since 1952 occurred in San Diego
County in 1988, with 30 cases reported 199 Another
San Diego-based outbreak, in 1986, amounted to
28 cases 200 Studies elsewhere in the world have
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can result in storm runoff from agricultural and
urban areas, causing water-related contaminants
(chemicals used in agricultural practices) and waterborne pathogens (bacteria and viruses derived from
human and animal waste) to spread into surface
waters, ground water, and coastal waters

Studies demonstrate how climate change is likely to reduce water
quality in ways that will affect human health through water-related
contaminants and water-borne pathogens

linked climate change with expansion of malaria
distribution 201
St Louis encephalitis (SLE) is a mosquito-transmitted
viral disease associated with unseasonably warm
multiday periods with temperatures above
85 degrees Fahrenheit 202 SLE also is affected by
precipitation patterns, particularly by increased
snowpack and river runoff 203 California experienced
an outbreak of SLE in 1984 Studies suggest a
5 4-degree to 9-degree Fahrenheit increase in
average temperature in California (possible under
current emissions scenarios) may cause a northern
shift in the distribution of both SLE viruses and
western equine encephalitis (WEE) 204,205 Following a
food of the Kern River in 1952, 100 cases of WEE
and 89 cases of SLE occurred in Kern County 206

Water Quality and Access
With climate change, higher temperatures, rising sea
levels, and the increased frequency and duration
of drought conditions in California mean reduced
snowpack, greater evaporation of surface waters,
and seawater intrusion (the movement of ocean
water into fresh groundwater supplies) As a result,
access to clean water for essential purposes, such
as drinking, cooking, sanitation, and irrigation, is
expected to be reduced
There also are important implications for water
quality Extreme storms with heavy precipitation

Water-borne pathogens currently cause 8 5
percent to 12 percent of acute gastrointestinal
illness cases nationwide, affecting 12 million to
19 million people annually 207 Historically, about
68 percent of outbreaks have been preceded by
extreme precipitation events 208,209 Almost all of the
most prevalent pathogens are affected by climate,
including Giardia, E. coli O157:H7, Salmonella
enterica, Vibrio cholerae, Cryptosporidium,
Campylobacter jejuni, norovirus, rotavirus, and
adenovirus 210 Higher water temperatures due to
climate change are expected to promote the growth
of water-borne pathogens as well as toxic algal
blooms that can occur in coastal waters
The potential for public exposure to water-related
contaminants and pathogens is through drinking
water, recreation, and seafood Communities along
the coast and those dependent on small water
systems and private wells will face challenges in
particular These water quality issues are discussed
further below

Agricultural Runoff
Agricultural runoff is likely to include animal waste,
fertilizers, pesticides, and soil particles Animal
waste, in particular, can be a rich source of
pathogens, such as bacteria For example, research
in Marin County’s Tomales Bay watershed, popular
for its oyster industry, found Giardia in 16 percent
of storm runoffs from regional dairy farms following
precipitation 211 Of the runoff samples collected from
farms with cattle younger than 2 months old,
41 percent were positive for Giardia
Runoff from agricultural lands results in more than
the spread of illness-associated chemicals and
animal waste; common components of commercial
fertilizers, including nitrogen and phosphorus, serve
as nutrients that promote rapid and excessive growth
of naturally occurring pathogens and algae This
cycle is known as “nutrient loading ”
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gardens, and harmful viruses and bacteria from pet
waste and failing septic systems Such pollutants
can harm fsh and wildlife populations, kill native
vegetation, affect drinking water supplies, and render
recreational areas unsafe 213 The effects of urban
development on water quality are exacerbated by
extreme precipitation events that cause runoff of
pollutants into fresh and marine waters

During storms, runoff from farms, city streets, and residential
neighborhoods often carries with it fertilizer chemicals, oils,
pathogens, and other contaminants As storms become
increasingly strong as the climate changes, greater health
challenges are expected as a result of more storm runoff

Soil washed from agricultural lands also is damaging
to lakes and streams, as sediment can cloud the
water and reduce the penetration of sunlight that
aquatic plants rely on Large amounts of sediment
also can clog the gills of fsh or smother fsh larvae
Other pollutants, including fertilizers, pesticides,
and heavy metals, have been known to cause algal
blooms, which deplete water sources of oxygen,
ultimately killing fsh
Extreme precipitation events also may threaten local
infrastructure responsible for processing drinking
water, wastewater, and storm water For example,
in 2000, a heavy rain over Ontario, Canada, led
to excessive agricultural runoff that contaminated
a town well and resulted in 2,300 illnesses and
seven deaths related to E. coli O157:H7 and
Campylobacter.212 This is notable here since well
systems in Canada and California are largely similar

One study in 2011 looked at the bacteria
concentrations of 78 beaches in Southern California
Water contamination correlated with the amount
of development: heavily developed watersheds
registered bacteria concentrations approximately 18
times higher than in undeveloped watersheds 214
Another study in 2004 demonstrated that
Californians who engage in coastal water recreation
in developed areas, such as in North Orange County,
are generally more likely to report symptoms of
water-borne illness (such as vomiting, diarrhea, and
sore throat) than in undeveloped areas, such as
in Santa Cruz County The effect is more extreme
during seasons with above-average rainfall 215 During
the high-precipitation 1998 El Niño winter months,
surfers near cities were almost twice as likely to
be ill as surfers in undeveloped coastal areas In
comparison, during the low-precipitation El Niña
winter of 1999, surfers near cities were only slightly
more symptomatic (approximately 17 percent) than
surfers in undeveloped coastal areas Across both
areas, longer water exposure times correlated to
more severe symptoms: for every 2 5 additional
hours in the water, surfers experienced a 10 percent
greater likelihood of becoming ill

As agricultural practices adapt to a changing climate,
many studies predict that increased pesticide use
and more and new forms of pathogens and vectors,
such as mycotoxins, will further heighten the risks of
contamination from extreme precipitation events

Urban Runoff
Urbanization increases the variety and amount of
pollutants carried into streams, rivers, lakes, and
beaches Pollutants include oil and toxic chemicals
from motor vehicles, pesticides from lawns and

Following rain events, coastal waters are more likely to present
higher concentrations of contaminants and pathogens, especially
in developed areas

California Senate Office of Research |

28

Several studies have identifed effects of water
pollution in Southern California on actual diagnoses
and medical costs Researchers estimate 36,778
gastrointestinal illnesses occur annually due to
recreational exposure to polluted water at Newport
and Huntington beaches in Orange County, in
addition to 38,000 other illnesses, including
respiratory, eye, and ear infections 216 For the two
beaches, the approximate cost of excess illnesses
due to water pollution amounts to $3 3 million per
year in direct healthcare costs
A larger study assessed dozens of beaches across
Los Angeles and Orange counties in 2006 and
estimated that between 600,000 and 1,500,000
excess gastrointestinal illnesses each year are
caused by swimming in contaminated coastal
waters 217 The total annual associated medical cost
across the two counties is estimated between
$21 million and $51 million

Harmful Algal Blooms
Harmful algal blooms (HABs) produce toxins such as
microcystins and cylindrospermopsin and may occur
in marine and fresh waters (Figure 11) Many factors
can contribute to an HAB For one, warmer waters
resulting from climate change are expected to shift
geographic range and seasonal windows of many
algal species Extreme precipitation events also are
known to increase nutrient loading in storm runoff,
which increases the likelihood of HABs 218
Researchers have noted signs that California’s risk of
HABs is likely to increase as the climate changes 219
Since approximately 29 million Californians rely on
rivers, lakes, reservoirs, and other surface water
sources for drinking water, increasingly frequent
HABs in freshwater systems due to climate change
are of deep concern 220,221
A study of two lakes in Siskiyou County in 2007
demonstrated that an HAB produced microcystin
toxins detectable in the nasal passages of
recreational lake users 222 As demonstrated in other
studies, recreational activities that disrupt the water
surface are known to generate toxin-containing
aerosols, potentially infecting people through air
transmission Nasal swabs of study participants

Figure 11
Harmful Algal Blooms Affect
Freshwater and Marine Water Sources

Increasing water temperatures are projected to foster more and
larger algal blooms, which can produce toxins that cause illness
in people

exhibited microcystin deposition, but the number of
participants in the study precluded any conclusion
regarding whether those in contact became ill with
acute dermal or respiratory symptoms due to the
exposure
In 2014, researchers assessed the effects of a
freshwater HAB in Lake Erie on a metropolitan area
of Ohio Approximately 500,000 residents lost access
to their drinking water once toxins from an algal
bloom were detected 223 Other HABs in the United
States have resulted in illnesses and hospitalizations,
including dermatologic, gastrointestinal, respiratory,
and neurological diagnoses 224 Children and people
with preexisting respiratory conditions, such as
asthma, tend to have higher risks of negative health
outcomes after HAB exposure 225
There are no U S regulations defning acceptable
levels of cyanobacterial toxins in drinking or
recreational waters Drinking water treatment
systems can be adjusted to specifcally remove
cyanobacteria and toxins, but cost is frequently
noted as a limiting factor In California, HABs may
be voluntarily reported to the State Water Resources
Control Board’s (SWRCB) Surface Water Ambient
Monitoring Program 226 In 2017, 21 freshwater
blooms were reported
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oceanic patterns, sea level rise, and increasing sea
surface temperature
More frequent and severe precipitation events are
expected to place additional stresses on water
treatment facilities and distribution systems to
treat sewage and provide clean drinking water to
municipalities 231 Whether by exceeding system
capacity or pipe breaches, numerous research teams
warn of the increasing risks posed by climate change
on the state’s drinking water infrastructure
Many coastal cities are at higher risk of water contamination from
larger storms and sea level rise in part due to vulnerable low-lying
water treatment facilities

Emergent Water-Borne Disease
Warming sea surface temperatures enhance the
expansion of existing disease agents, as well as the
emergence of new bacterial and viral pathogens
Bacteria and viruses are part of a normal water
ecosystem; studies have shown that a drop of
seawater, under typical conditions, contains
10 million viruses and 1 million bacteria (per
milliliter) 227 Warmer temperatures, like those
predicted with climate change, tend to boost
bacterial and viral growth and survival, resulting in
greater prevalence of water-borne pathogens where
they already exist 228
Pathogenic species, such as Vibrio cholerae
bacteria, which are present in more tropical regions
of the planet, are projected to expand northward
into the coastal waters of Southern and Northern
California by the end of the century 229 Cholera
is a severe diarrheal disease transmitted by
contaminated drinking water or seafood and has
not posed a domestic threat since the 1880s due
to advancements in water treatment infrastructure
Global prevalence has been steadily increasing
since 2005 230

Water Treatment in Coastal Communities
Coastal communities, in particular, are at greater risk
of groundwater contamination, fooding, water-borne
disease, and sewage overfows due to changing

Sea level rise will exacerbate marine fooding
of coastal areas, which historically have built
wastewater treatment plants at low elevations One
study in 2018 identifed 36 wastewater treatment
plants in California that are increasingly vulnerable
to marine and groundwater fooding across various
climate change scenarios 232 Of those, 30 plants are
in the San Francisco Bay Area Under the climate
scenario in which GHG emissions are not reduced
from current levels, parts of the state can expect up
to 20 inches of sea level rise, which would impact
approximately 13 water treatment plants serving
2 6 million Californians 233 A more modest scenario
in which sea levels rise 12 inches would affect eight
plants serving more than 1 million Californians

Private Wells
Communities with private or small water systems are
particularly susceptible to contamination following
heavy rainfall 234,235 As of 2015, about 2 million
Californians depend on private domestic wells or
water systems serving 15 or fewer connections,
which are not regulated by SWRCB’s Division of
Drinking Water 236 Most drinking water outbreaks
in the United States have been associated with
inadequately treated groundwater 237,238 Even shortterm loss of access to potable water after foods
and storms has been linked to increases in illnesses,
such as gastroenteritis and respiratory tract and skin
infections 239 This is particularly important considering
predictions that surface and groundwater supplies in
the western United States will continue to diminish,
exacerbating issues of access and quality 240
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Table 9
Rates of County-Level Cases of
Select Foodborne Diseases Per 100,000
Jurisdiction Population in 2013
County

Foodborne Disease
As the climate changes, Californians likely will be
exposed to more pathogens and toxins via food
consumption Climate factors such as temperature,
precipitation, and extreme weather events
(particularly fooding and drought) are expected
to be the primary drivers Foodborne diseases
often originate from contamination of agricultural
products by fooding and storm runoff, as well as
toxins from HABs 241 Warmer temperatures also
have the capacity to increase the number of existing
pathogens on produce and seafood 242 Future rates
of illness are diffcult to quantify, depending on how
well food safety systems adapt and are maintained
as changing climate conditions strain current
practices 243

Campylobacteriosis Cases
Per 100,000
Residents

Salmonellosis
Cases Per
100,000
Residents

Statewide
Average

20.1

13.1

Colusa

41.0

18.2

Fresno

43.7

20.5

Glenn

34.9

20.9

Imperial

27.7

23.3

Kern

39.6

7.8

Lake

6.2

21.6

Madera

33.5

15.1

Mendocino

36.3

14.8

Modoc

10.4

20.8

Drought

San Benito

8.8

21.1

San Francisco

46.7

21.3

San Joaquin

26.5

15.2

San Mateo

27.5

22.3

0

31.4

In the absence of natural rainfall, droughts increase
demand for water Reduced water supplies for
irrigation, food processing, and livestock management
have been associated with poor water quality and
historical infectious outbreaks 244,245 In addition, when
precipitation events are preceded by dry conditions,
overland storm runoff may be exacerbated,
spreading contaminants more widely

Siskiyou

20.2

26.9

Sutter

24.9

21.8

Tulare

42.3

12.5

Yuba

28.2

33.6

Sierra

Higher ambient temperatures associated with climate
change foster faster growth of numerous foodborne
pathogens, including Salmonella, Campylobacter,
and E. coli, by shortening their replication cycles
Such bacteria can be transmitted to people via raw
or undercooked food or exposure to contaminated
water or milk

In California, several counties experienced a
signifcant increase in cases of campylobacteriosis
(diarrheal illness) and salmonellosis linked to
the 2013 drought 246 In 2013, 7,696 cases of
campylobacteriosis were detected in 55 of 58
counties statewide, compared with 6,759 cases
two years earlier 247 Compared with the statewide
campylobacteriosis incidence rate in 2013, many
counties experienced rates that were much higher,
including several in the San Joaquin Valley Table 9
presents details for select counties The most
impacted demographics were children from birth
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to age 4 and Latinos 248 The same trend follows for
salmonellosis In 2013, 5,040 cases were detected in
52 counties, up from 4,027 cases two years earlier,
with some county-level rates far exceeding the
statewide average 249

Pest Control
Climate change is expected to impact the biology of
plant and livestock pests, such as weeds, insects,
and rodents, in ways likely to exacerbate current
challenges in many areas of the state California
farmers already invest heavily in the management
of disease-carrying and nuisance pests One study
in 2013 examined pest populations on agricultural
farms in Monterey and San Benito counties,
including produce farms, cow–calf operations, and
a beef cattle feedlot Researchers found that wild
rodents, which shed feces near or on agricultural
commodities, were carriers of Cryptosporidium
(26 0 percent), Giardia (24 2 percent), Salmonella
(2 9 percent), and E. coli (0 2 percent) 250
Scientists have shown that rising average winter
temperatures and longer growing seasons will foster
larger and more widespread pest populations 251,252
Higher levels of carbon dioxide concentrations,
too, have been associated with more persistent
insect infestations and crop vulnerabilities 253,254
As a result, agricultural farmers will need to
apply greater volumes and more potent varieties
of pesticides to maintain current standards of
productivity 255 Increased use of pesticides likely will
raise the incidence rate of foodborne illness due to
contamination in the felds and in agricultural runoff,
especially under conditions of progressively frequent
extreme storms

Food Processing
Hotter temperatures set the stage for higher risks of
bacterial growth on crops during harvest, transport,
handling, and storage as the climate changes 256,257
Researchers also anticipate the spread of pathogens
into new geographic locations 258
Researchers also have suggested that while the
“farm-to-fork” movement has the potential to
cut down on transportation of food across long

As air temperatures warm due to climate change, bacterial growth
on crops during food processing and distribution is likely to
accelerate, heightening risks of foodborne illness

distances, tighter public health measures likely will be
necessary to curb bacterial proliferation due to higher
temperatures during harvest and handling 259,260

Contaminated Seafood
Disease also may result from contaminated fsh and
seafood from fresh and marine waters that support
higher bacterial growth and HABs due to changing
climate conditions
In 2015, an HAB (Pseudo-nitzschia) affected the
entire West Coast, from California’s Channel Islands
to Alaska, resulting in unusually prolonged health
advisories and closures of fshing and shellfsh
industries to prevent exposure to the highest
concentrations of domoic acid, a dangerous
neurotoxin, ever reported in the region In Monterey
Bay, concentrations were 10 to 30 times more
extreme than a typical HAB 261 This form of HAB was
frst detected in Central California in the 1990s and
has recurred annually in Southern California since
2003 262 The frst recorded outbreak of domoic acid
occurred off the coast of Prince Edward Island in
Canada in 1987, resulting in three deaths and more
than 100 illnesses 263
CDPH has been monitoring aqueous biotoxins since
1927 in response to a paralytic shellfsh poisoning
event that caused several deaths and more than
100 illnesses due to consumption of contaminated
mussels 264 The state has recorded more than
520 cases of paralytic shellfsh poisoning over
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90 years, including 32 deaths 265 Cases continue to
arise, such as an illness contracted in March 2018 in
Marin County, when poison levels reached 37 times
the alert level 266

Food Security
Food security occurs “when all people, at all times,
have physical and economic access to suffcient,
safe and nutritious food to meet their dietary needs
and food preferences for an active and healthy
life ”267 Food security at global, regional, and local
levels is expected to decrease as the climate changes
due to reduced quality of and access to food 268

Higher carbon dioxide in the atmosphere results in lower nutritional
value of some crops, including wheat, rice, and potatoes

Nutritional Value
As temperatures rise and extreme weather events
occur more frequently, greater rates of agricultural
contamination, spoilage, and disruptions in food
distribution are expected In addition to considering
agricultural productivity, food quality also is essential
for basic health Heightened levels of carbon
dioxide have been shown to reduce the nutritional
value of many staple crops, including wheat, rice,
and potatoes 269 When more carbon dioxide is
available to plants for basic photosynthesis, protein
content decreases Researchers have quantifed
that a 200 percent increase in atmospheric carbon
dioxide levels results in approximately 15 percent
and 14 percent less protein in barley and potato,
respectively 270 The impacts from higher carbon
dioxide on essential minerals content also range from
5 percent to 10 percent lower in most plants under
likely future climate scenarios 271
While malnutrition is not a primary concern in the
United States compared with developing countries,
challenges persist among vulnerable groups, such as
disadvantaged communities and elderly people At
present, approximately 38 percent and 45 percent of
the U S population fail to consume suffcient calcium
and magnesium, respectively, which can have longterm health impacts Since climate scenarios range
in projections of carbon dioxide levels from
137 percent to 225 percent above current levels
by 2100, issues around malnutrition for essential
vitamins and minerals likely will grow 272

Access to Food
Resilient and reliable food distribution systems
are essential for healthy communities Modern
infrastructures have developed as a global network,
as agricultural products often are transported
long distances by road, rail, and waterways With
the looming increase in extreme weather events,
access to a safe and nutritious food supply
depends on policies that consider the pressures
that climate change-related disruptions will exert on
transportation infrastructure, storage capacity, and
trade management 273
Longer and warmer droughts also will impact
food security California’s Fourth Climate Change
Assessment in 2018 included supporting research
that links the 2012–16 drought with food insecurity in
the San Joaquin Valley, among other socioeconomic
effects, including employment, water security, and
health 274 The results were derived from surveys
of rural community residents, ultimately pointing
to increasing vulnerabilities related to climate
change The study identifed employment as a
major driver of food insecurity, but other factors
were involved as well; due to weakened vegetable
and fruit production, farms offered fewer donations
to supply regional food banks Home gardens also
were hindered by water rationing and dried wells,
preventing families from producing their own food
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Figure 12
Observed Increase in Frost-Free Season Length (in Days), 1958–2012

The frost-free season has grown particularly in the West 278 Climate change is expected to further increase the frost-free season, which affects
the productivity of many crops

Food Production

northward, displacing existing agricultural lands and
affecting farming communities 279

Climate change-related warmer temperatures,
drier conditions, sea level rise, and the effects
of extreme storms are all predicted to negatively
affect food production overall Although some
areas may experience benefts, such as regions at
higher elevations due to increased opportunity for
agriculture, the overwhelming proportion of effects
will be detrimental The projected environmental
changes would result in longer annual frost-free
seasons and shorter winter chill periods, which are
major determinants of the types of crops that can
grow in a given area 275 Figure 12 illustrates the
change in frost-free season duration that has already
occurred due to climate change across the United
States 276 Seawater intrusion is another issue posed
by climate change scenarios that is likely to strongly
affect agricultural water supplies along the California
coast 277
California produces about 95 percent of many of the
nation’s nuts and fruits, but climate change likely will
disrupt yields and shift traditional areas of production

Historic agricultural yields illustrate variable climate
sensitivities of different crops helpful for projecting
future changes One study in 2006 modeled the
impact on California crops using county-level data
obtained from the California County Agricultural
Commissioners 280 Using multiple climate models and
statistical crop models, it found that a 3 6-degree
Fahrenheit increase would prevent any of California’s
18 counties that grow walnuts from producing at
equivalent levels 281 In 2016, the value of the walnut
industry in California was $1 34 billion and supported
approximately 60,000 jobs 282,283
Similarly, counties that grow almonds, table grapes,
and avocados also would see signifcant decreases
in yield and necessary shifts in production to other
areas of the state to align with more favorable
weather patterns Modeling studies predict that
if temperatures warm by 7 2 degrees Fahrenheit,
counties that grow walnuts, almonds, table grapes,
oranges, and avocados (worth $7 3 billion in 2016,
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combined)284 would see less than 5 percent of their
current area capable of supporting production by
2050 285
The Salinas and San Joaquin valleys have been
identifed as regions that are most vulnerable to
negative agricultural effects from climate change,
including seawater intrusion and temperature
increases Meanwhile, agriculture in the Imperial
Valley and between Fresno and Merced is
categorized as “very vulnerable” to the effects of
climate change 286
Across the state, crop yields of strawberries,
walnuts, peaches, almonds, and cherries are
expected to decline due to warmer temperatures 287
Heat waves are likely to reduce the yields of maize,
rice, sunfower, and tomato by 1 percent to
10 percent 288 Finally, an increase of 7 2 degrees
Fahrenheit likely would reduce most fruit yields from
5 percent to 40 percent 289

Mental Health and Well-Being
During and following weather-related disasters,
communities are vulnerable to heightened cases
of clinical post-traumatic stress disorder (PTSD),
depression, and general anxiety Heat, too, has
been documented as posing a signifcant threat
to individuals with preexisting mental health
diagnoses As the frequency of extreme weather
events increases alongside episodes of elevated
temperatures, cases of acute and chronic
psychological distress will be more common
Some populations are more vulnerable to adverse
mental health outcomes, including children, the
elderly, economically disadvantaged, communities
more reliant on the natural environment for
sustenance and livelihood (including tribal
communities and those in agricultural or fshing
industries), and people with preexisting mental
illness
Beyond local extreme events, mental health also is
expected to be infuenced by the perceived threat
of climate change, such as through frequent media
coverage of potential health and social impacts
Simple exposure to information that presents

Following extreme weather events, such as fooding or wildfre,
mental health diagnoses increase and can last several years

impending effects of climate change has been
reported to affect perceptions of well-being and
security of a community’s future 290

Extreme Events
Studies of historic events have found that extreme
weather events, such as foods, heat waves, and
wildfres, exacerbate rates of mental illness Mental
health effects of weather-related trauma include
increased substance abuse, suicidal thoughts,
depression, PTSD, grief and bereavement, and even
aggression 291-293 After hurricanes Katrina and Rita,
the rates of suicides and attempted suicides among
women living in temporary housing were recorded
at levels 78 6 times and 14 7 times the regional
average, respectively 294 Even years after a natural
disaster, suicidal thoughts and plans can be up to
2 5 times higher for the affected population 295
Although research on individual resilience suggests
most people who are psychologically affected
by a traumatic event will recover over time, up to
20 percent of individuals who directly experience
a disaster are likely to develop chronic levels of
psychological distress 296

Heat
A comprehensive study in 2018 on temperature–
and mental health-related outcomes in California
identifed several links 297 Upon analyzing data from
2005 to 2013 across 16 regions in the state, higher
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years after a disaster 298,299 Studies suggest that,
depending on a child’s age and level of exposure,
chronic stress may alter the natural development of a
healthy biological stress response system, placing an
individual at greater risk for acquiring mental health
disorders later in life 300

Some groups are disproportionately affected by the trauma of
extreme weather events, including children, the elderly, and
disadvantaged communities

temperatures were associated with increased ER
visits for mental health disorders, self-injury, and
intentional injury/homicide During warmer months
(May–October), emergency clinics across the state
experienced 4 8 percent more visits for mental health
disorders, 5 8 percent more visits for self-injuries,
and 7 9 percent more visits for intentional injuries/
homicides per 10-degree Fahrenheit increase above
regional average Similar associations persisted even
during the cool season (November–April) At greatest
risk of temperature-related ER visits for mental health
were Hispanics, whites, 6- to 18-year-olds, and
females

Vulnerable Populations
Children exhibit long-term emotional and behavioral
responses following extreme weather events,
including social withdrawal, depression, and
aggressiveness In fact, children are more likely than
adults to exhibit PTSD symptoms more than two

In general, the elderly population tends to be
challenged by physical ailments and untreated
depression at higher rates than the average
American adult and therefore is at greater risk of
climate change-related mental health problems 301
Among the elderly, specifcally, chronic exposure to
air pollution is associated with reduced cognitive
function and greater cognitive decline 302,303
Veterans comprise another group that tends to
be more vulnerable to extreme events One study
showed veterans with preexisting mental illness were
6 8 times more likely to develop additional mental
illness after a natural disaster than veterans without
mental illness 304
As a group, frst responders also are prone to
mental health illness as a result of their exposure to
disaster Following a traumatic event, frefghters,
emergency providers, and public health and public
safety workers have been shown to be at increased
risk for short- and long-term mental health effects,
such as substance abuse One study demonstrated
that 77 percent of frefghters presenting with PTSD
developed additional mental health issues, such as
depression, panic disorder, or phobic disorders 305
Overall, research indicates that 13 percent to
18 percent of frst responders demonstrate PTSD up
to four years after a traumatic event 306
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Looking Ahead
For decades, scientifc evidence has unequivocally
shown that climate change is a reality and the
observed atmospheric changes are irreversible, at
least in the foreseeable future While state, national,
and international climate assessments confrm that
opportunities to entirely prevent the effects of climate
change have already passed, there is still a role for
strong leadership in the public and private sectors to
reduce the levels of projected damage and hardship;
efforts to mitigate climate change must be paralleled
by adaptation strategies By building communities
that are resilient to a changing environment, the most
extreme effects of climate change may be minimized
Studies of historic climate variations and health
outcomes clearly demonstrate the connections
between climate and health Though the factors
that contribute to public health are complex, such
as an individual’s preexisting health condition or a
community’s level of socioeconomic vulnerability,
modern epidemiological research methods have
allowed scientists to isolate critical variables and
their interactions for a given environmental scenario,
such as age and the extent of heat exposure Such
rigorous scientifc investigation helps society to
understand and prepare for the most prominent risks
of future adverse health outcomes

Adaptation and Resiliency
Awareness of climate change-related health
impacts, enhanced surveillance and monitoring of
climate risks, reinforced public health infrastructure,
expanded research, and resilient communities would
help to effectuate lasting adaptation efforts
Fortunately, many climate mitigation strategies also
present health co-benefts 307 That is, efforts that
would limit GHG emissions could also likely improve
public health and reduce health inequities For
example, modernizing transportation infrastructure
to limit vehicle miles traveled would promote
walking, biking, and use of public transit around
urban landscapes Not only would emissions drop,
residents would be exposed to less air pollution, and
healthy physical activity would be encouraged Also,
the development of more green space and trees

would reduce the urban heat island effect, as well as
cut down on ground-level air pollution
Greater involvement of public health experts
with traditionally non-health sectors, such as
transportation, urban planning, and agriculture,
around climate change mitigation strategies would
invariably improve health outcomes

Health Equity
The health impacts of climate change may be
either exacerbated or improved by the decisions
that guide each community, both at a local and
regional scale Scientifc insight into climate-related
health outcomes has emphasized the social and
environmental disparities that lead to vulnerabilities
The term “vulnerability” encompasses a given group’s
sensitivity and exposure to climate-related health
risks as well as capacity for responding to or coping
with environmental variability due to climate change
This report identifes a number of vulnerable groups
in connection with numerous types of health risks
The most often cited across these areas are tribal
communities, older adults, immigrant groups,
communities of color, persons with disabilities,
young children, and communities with low income
To understand and respond to the health impacts of
climate change and reduce existing health disparities,
public health offcials, planners, physicians, social
service providers, scientists, and policy-makers must
consider how vulnerable communities experience
disproportionate risks to their health, especially in the
context of a changing climate
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Future Research
The published literature tends to be inconsistent in
its approach to different health impacts of climate
change There exists a substantial body of research
on some key topics, such as heat illness due to
rising temperatures Other felds are comparatively
lacking, such as climate-related water quality and the
impact of climate change on mental health Although
it is beyond the scope of this report to assess which
research needs persist, most of the indirect health
impacts of climate change, such as the spread
of vector-borne diseases or the implications of
temporary or permanent displacement, would beneft
from further inquiry
There also is limited research on short-term
adaptation strategies to mitigate adverse health
outcomes linked to climate change While climate
trends are measured in decades and across vast
areas, local decision-makers require guidance that
is often urgent, hyperlocal, and above all, practical
One review commented on the disconnect and
emphasized the diffculty of disentangling climate and
non-climate factors for informed decision-making 308
In general, health research investigations that align
with future projections of environmental changes

are integral for effective public health responses
and policies In addition, a policy-oriented audience
may be reached more effectively by designing
experiments and analyses with results that also
express the public health burden as a number of
patients and/or an estimate of medical costs, rather
than solely a percentage risk increase of illness or
mortality
While the research community necessarily
progresses incrementally, the dramatic environmental
changes that are already happening must be met by
an equally robust expansion of further evidence to
inform communities that are taking action toward a
more resilient and healthy future
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