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This article addresses three overlapping
environmental health-related areas affected by
weather and climatic factors: a) waterborne
diseases, including fresh water for drinking
and recreational waters; b) foodborne diseases
linked to water contamination; and c) marine
or coastal issues, including harmful algal
blooms (HABs) and ecologic disruption. An
example of the interrelatedness among these
divisions is toxic algae bioaccumulation in
shellfish, which is both a foodborne and
coastal problem.

Waterborne diseases are caused by
pathogens spread through contaminated
drinking water or recreational water. A water-
borne disease outbreak occurs when two or
more persons experience similar illness after
consumption or use of a common water
source proven using epidemiologic method-
ologies (1). Weather conditions influence
water quality and quantity through various
processes (e.g., source water and watershed
contamination) (Figure 1).

Incidence of Waterborne Disease 
in the United States
In the United States more than 200 million
people have direct access to disinfected public

water supply systems, yet as many as 9 million
cases of waterborne disease are estimated to
occur each year (2). Quantifying the present
threat of waterborne disease in the United
States is made difficult by the fact that many
cases of waterborne disease, typically, gastroin-
testinal illness, go unreported; the symptoms
usually do not last long and are self-limiting in
healthy people. There may be other suspected
causes of the illnesses, such as foodborne expo-
sures and person-to-person infection (3).
However, gastrointestinal illness can be
chronic and even fatal in infants, the elderly,
pregnant women, and people with immune
systems severely weakened by acquired
immune deficiency syndrome (AIDS),
chemotherapy, transplants, chronic illness such
as diabetes, or preinfection by another agent
such as measles virus, or other causes.
Furthermore, waterborne pathogens can cause
extended illnesses, such as hepatitis, that last
several months even in healthy people.
Waterborne pathogens cause or are associated
with other serious conditions including
hepatic, lymphatic, neurologic, and endocrino-
logic diseases (4), and possibly increased risk of
some cancers (e.g., due to Helicobacter).
Concern about disease transmission has been

heightened with the emergence or reemergence
of new pathogens (e.g., Escherichia coli
O157:H7 and Cryptosporidium), antibiotic-
resistant strains, and a larger susceptible popu-
lation (more elderly persons, AIDS patients,
and patients undergoing immune-suppressant
medical treatments) (5).

Source Contamination and 
Exposure Pathways
There are many routes of exposure, as well as
individual or population susceptibility, to
waterborne pathogens, with water quality,
availability, sanitation, and hygiene all play-
ing a role. Human exposure pathways include
ingestion, inhalation, and dermal absorption
of microbial organisms or algal toxins. For
example, people can ingest these microbial
agents by drinking contaminated water, or by
eating seafood from contaminated waters, or
by eating fresh produce irrigated or processed
with contaminated water (6). They also may
be exposed by contact with contaminated
water through commerce (e.g., fishing) or
recreation (e.g., swimming) (4). 

Water quality depends partly on land use
and how water resources are managed and
protected. Both freshwater bodies and coastal
waters can be directly or indirectly affected by
point and non-point contamination (indus-
trial, urban, and agricultural operations).
Storm water drainage can carry animal and
human waste and untreated sewage (1).
Ecologic stresses may also affect wildlife habi-
tats and the abundance and distribution of
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natural microbial hazards in marine systems,
which in turn may affect human health
(7–10). Such stressors include overfishing,
bottom trawling, introduced species, altered
freshwater discharges, increased nutrients,
increased ultraviolet radiation, and climate
variability.

A constant issue in water quality is the
management and disposal of sewage and other
wastes. Waste is discharged into freshwater
and saltwater bodies, injected into under-

ground wells, dumped on or buried in land,
and disposed to the subsurface, where it can
leach into groundwater or migrate to surface
waters. Municipal sewage treatment plants,
combined sewer overflows (CSOs), urban
runoff, sewage spills, discharges from septic
tanks, boating wastes, and urban and agricul-
tural storm water runoff are sources of
microorganisms in water systems (11). An
example of poor sewage disposal practices, the
use of combined sewer systems, is highlighted

in the next section. Extreme precipitation and
high water tables decrease the efficiency of on-
site sewage disposal and may increase the like-
lihood of microorganisms in water systems.
Another possible factor is urban or agricultural
development; increased urbanization has and
will continue to alter watersheds and freshwa-
ter flows. This may result in contamination
from both point sources (e.g., factory and
sewage treatment discharge pipes) and non-
point sources (e.g., microbe-contaminated
runoff from farmlands).

Waterborne Diseases

Drinking Water

Outbreaks of disease due to drinking water
source contamination occur when a number
of events happen simultaneously. There must
be contamination of the source water, trans-
port of the contaminant to the water intake or
well of the drinking water system, insufficient
treatment to reduce the level of contamina-
tion, and exposure to the contaminant. 

There may also be recontamination of
finished water in the public or homeowner’s
distribution system (12). About 10–15 infec-
tious disease outbreaks attributable to drink-
ing water are reported annually in the United
States (1,12). Many more go unreported.
Illnesses such as gastroenteritis are not specific
to water (may be foodborne) and most cases
are not serious enough to warrant medical vis-
its (13). The contaminant source is often not
identified. “With current surveillance pro-
grams, even an outbreak resulting in many
medically attended illnesses in a large city
could be unrecognized” (6). 

Notwithstanding the current lack of
understanding of the full extent of the prob-
lem of contaminated drinking water, it is
believed to be a serious and growing concern.
More than 100 types of pathogenic bacteria,
viruses, and protozoa can be found in conta-
minated water (14–16). Many of these have
been implicated in a variety of illnesses via
waterborne and foodborne transmission
(Table 1). From 1971 to 1996 there were
674 outbreaks in the United States, including
chemical outbreaks (approximating 25–26
outbreaks/year). In the last few years there
have been 10–12 per year (17). For
1993–1994, an estimated 405,366 people
became ill in the United States from consum-
ing contaminated drinking water (18), most
of these arising from the 1993 Milwaukee,
Wisconsin, outbreak described below.

A large number of drinking water out-
breaks have been related to protozoan para-
sites. The largest drinking water outbreak
ever documented occurred in Milwaukee in
1993 and was caused by Cryptosporidium
parvum. This outbreak resulted in an esti-
mated 403,000 cases of intestinal illness and

Figure 1. Potential waterborne and foodbornea diseases. aFoodborne diseases primarily related to marine or fresh-
water contamination. bModerating influences include nonclimate factors that effect climate-related health outcomes,
such as state of coastal wetlands, land use, and water treatment facilities. cFinished drinking water must meet
higher regulatory standards than recreational water or water used for irrigation. dAdaptation measures include
actions to reduce risks of water contamination, such as watershed management, improved water treatment engineer-
ing, and enhanced surveillance of waterborne disease outbreaks.
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Table 1. Health risks associated with selected waterborne pathogens.a

Found in Waterborne Foodborne
Health risks Type of pathogen sewage transmission transmission

Acute peritonitis Anisakis simplex – + (recreational) +
Arthritis Giardia, Salmonella, Campylobacter + + +
Aseptic meningitis Echoviruses, Coxsackie viruses + + +
Cancer, peptic ulcer Helicobacter pylori +/– (presumed, +/– (preliminary in +

in feces) groundwater)
Cholera V. cholerae – + +
Diarrhea and Many enteric viruses + + +

gastroenteritisb Norwalk virus + + +
Giardia, Cryptosporidium + + –
Salmonella, E. coli O157c + + +
Shigella species, Salmonella + + +
Calciviruses + + +
Rotaviruses (infantile gastroenteritis + + +

viruses)
Astroviruses, enteroviruses – – –

Granuloma Mycobacterium marinum – + –
Heart disease Coxsackie B virus + + +
Insulin-dependent Coxsackie B virus (159) + + +

diabetes
Kidney failure E. coli O157:H7 + + +

Microsporidia + + +/–
Cyclospora + + +
V. vulnificus – – +

Liver failure Hepatitis A virus + + +
Hepatitis E virus – + –

Wound infection V. alginolyticus – + –
Wound infection, V. parahaemolyticus – + +

gastroenteritis

+, refers to being associated with; –, not associated; +/–, possible or suspected linkage. 
aAdapted from the National Research Council (160) and Howard et al. (161). bOver 100 microorganisms are associated with diarrhea.
They include viruses such as rotavirus, a major cause of diarrhea and dehydration in infants. cS. typhimurium DT104, which has
recently emerged, carries with it two antibiotic resistance markers. 
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54 deaths among immunocompromised
individuals (19). Cryptosporidium, a proto-
zoan that completes its life cycle within the
intestine of mammals, is shed in high num-
bers in the form of infectious oocysts dis-
persed in feces. The Milwaukee water supply,
which is treated by Þltration and disinfection
(chlorination), comes from Lake Michigan.
However, because of a preceding period of
heavy rainfall and runoff, there was a decrease
in raw water quality along with a diminished
effectiveness of the systemÕs coagulationÐfil-
tration process, which in turn led to increased
turbidity of the treated water and inadequate
removal of the oocysts (20,21). Other water-
borne cryptosporidiosis outbreaks have been
reported worldwide, and rainfall has been
mentioned as playing a role in a number of
them (22–24).

C. parvum is a common cause of diarrhea
in AIDS patients in both the developed and
developing worlds, with reported prevalence
rates of 3.6% in the United States to about
50% in Africa (24). One year after the
Milwaukee episode, a cluster of cryptosporidio-
sis cases and deaths among AIDS patients in
Las Vegas (Clark County), Nevada, alerted
health ofÞcials to another waterborne outbreak
(25). The Nevada outbreak was associated with
water from Lake Mead that was both Þltered
and chlorinated. Researchers in Brazil reported
that Cryptosporidium was the most common
cause of diarrhea in AIDS patients, and disease
incidence showed a distinct seasonality, sug-
gesting an association with rainfall (26).

Reporting of cryptosporidiosis cases to the
Centers for Disease Control and Prevention
(CDC) began in 1995 with 2,972 cases
reported from 27 states. In 1997, 2,566 cases
were reported from 45 states. These numbers
probably underreport the national incidence
of cryptosporidiosis, and laboratories do not
routinely test for C. parvum infection (27).

Giardia lamblia is the second most com-
mon pathogenic parasite in the United States
and the most common identifiable etiologic
agent of waterborne outbreaks (1). Like
Cryptosporidium, the protozoan produces a
cyst that is shed in the feces of humans and
animals. Rainfall has been implicated in a
waterborne outbreak of giardiasis (28).

Both C. parvum oocysts and G. lamblia
cysts are commonly found in raw surface
water surface. One study reported positive
contamination in 87 and 81%, respectively,
of 66 water plants in 14 states in the United
States (29). That same study showed that
39% of Þltered drinking water samples from
these treatment plants contained C. parvum
(27%) or G. lamblia (17%), although 78% of
the plants met the turbidity requirements of
the then-applicable Surface Water Treatment
Rule (30). A subsequent study in 1995 still
found 13% of finished treated water to be

contaminated with Cryptosporidium oocysts
(31). Correlations between increased rainfall
and increased Cryptosporidium oocyst and
Giardia cyst concentrations in river water
have been reported (32).

Among the other water-related diseases,
Legionnaire disease is a respiratory illness
transmitted solely by water. The bacterium
Legionella grows in natural waters, pipes, dis-
tribution systems, and water- and air condi-
tioning systems and is inhaled through
contaminated aerosols produced from show-
ers, humidifiers, and cooling towers. Water
temperature among other factors (e.g., nutri-
ents, association with free-living amoebas,
such as Acanthamoeba) are known to influ-
ence the potential for Legionella to colonize
water systems (33,34). 

Untreated Sewage Disposal: The Story
of Combined Sewer Overflows
Contamination of the marine and freshwater
environment may be caused by human waste
disposal through raw waste or septic tanks,
inadequately disinfected sewage efßuents, out-
falls, and storm water. One critical, continuing
threat to water quality and public health is the
use by many communities of combined sewer
systems. These systems are vestiges of early san-
itation efforts in this country designed to carry
both storm water and sanitary wastewater
through the same pipe to a sewage treatment
plant. During periods of rainfall or snow melt,
the volume of water in the system can exceed
the capacity of the sewer system or treatment
plant; in such a situation, the system is
designed to overßow and discharge the excess
wastewater directly into surface water bodies.
Because such CSOs contain untreated human
and industrial waste, they can carry solids,
oxygen-demanding substances, ammonia,
other potential toxics, and pathogenic
microorganisms associated with human disease
and fecal pollution to the receiving waters, pre-
cipitating beach closings, shellfishing restric-
tions, and other water body impairments
(35,36). The U.S. EPA estimates that CSOs
and other wet weather pollution sources such
as storm water runoff cause about half of the
estuary contamination nationwide (35).

There are currently 950 communities in
the United States that have combined sewer
systems, primarily in the Northeast and Great
Lakes regions. Most serve small communities
(less than 10,000 people); exceptions include
New York, Philadelphia, and Atlanta. The
U.S. EPA issued a CSO Control Policy in
1994 (37) intended to control CSOs through
the national wastewater discharge permitting
system, and it has issued a series of imple-
menting guidelines to municipalities. The
goal of the CSO Control Policy was to reduce
the number of overflows by about 85%,
reduce loadings of suspended solids from 3.7

billion pounds to 1.29 billion pounds per
year, and reduce discharge of oxygen-
demanding pollutants from 1,150 million
pounds to 650 million pounds per year (35).
These controls may or may not affect micro-
bial contaminants. The U.S. EPA reported in
May 1998 that after 4 years just over half of
the communities (52%) with CSOs had
implemented the nine minimum technology-
based controls intended to reduce the num-
ber and impact of CSOs (35,37). Another
25% that had not implemented the controls
were under an enforceable requirement to do
so in the future (35,37). 

Recreation-Related Waterborne Diseases
Another direct exposure pathway to water-
borne pathogens (bacteria, parasites, and
viruses) and toxins is through recreational
activities such as swimming, Þshing, or boat-
ing in contaminated waters (38–40). The
presence of microbial contaminants in fresh-
water bodies and marine waters has been asso-
ciated with eye, ear, nose, skin, respiratory,
gastrointestinal (including gastroenteritis and
hepatitis), and other infections (37,41–44). 

Contamination of recreational waters can
result from numerous sources, including
urban and nonurban runoff, industrial pollu-
tion, storm waters, human and animal wastes,
and indigenous sources such as red tides.
During 1996 nearly 3,700 beach closings and
advisories were issued at U.S. ocean, bay, and
Great Lakes beaches (45). The detection of
excessive concentrations of bacteria caused
83% of the closings. Haile et al. (46) found
increased illness due to swimming in contam-
inated ocean water in relationship to the
proximity of storm drains to the beach.

In freshwaters, besides fecal-associated
microorganisms, free-living parasites are of a
concern to swimmers. Naegleria fowleri causes
primary amoebic meningoencephalitis, gener-
ally in children or young adults, and is
acquired through the parasite entering the
nasal passages. Although the disease has a low
frequency, it has a very high fatality ratio.
Water temperature is a signiÞcant factor in the
occurrence and distribution of this organism
(47–50). Acanthamoeba has been associated
with keratitis (51), shows marked seasonality
[peaking in June and November (52)], and
may be affected by climate conditions.

The strongest evidence linking infectious
diseases to fecally contaminated marine water
activities comes from prospective epidemio-
logic studies (44). For example, Cabelli et al.,
in a prospective cohort study (52), reported a
linear relationship between the incidence of
gastroenteritis among swimmers and counts
of marine enterococci and E. coli. They found
that the frequency of gastrointestinal symp-
toms was inversely related to the distance
from known municipal wastewater sources. 
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