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Objectives. Rainfall and runoff have been implicated in site-specific waterborne disease outbreaks.
Because upward trends in heavy precipitation in the United States are projected to increase with climate
change, this study sought to quantify the relationship between precipitation and disease outbreaks.

Methods. The US Environmental Protection Agency waterborne disease database, totaling 548 reported
outbreaks from 1948 through 1994, and precipitation data of the National Climatic Data Center were
used to analyze the relationship between precipitation and waterborne diseases. Analyses were at the
watershed level, stratified by groundwater and surface water contamination and controlled for effects
due to season and hydrologic region.A Monte Carlo version of the Fisher exact test was used to test for
statistical significance.

Results. Fifty-one percent of waterborne disease outbreaks were preceded by precipitation events
above the 90th percentile (P= .002), and 68% by events above the 80th percentile (P= .001). Outbreaks
due to surface water contamination showed the strongest association with extreme precipitation dur-
ing the month of the outbreak; a 2-month lag applied to groundwater contamination events.

Conclusions. The statistically significant association found between rainfall and disease in the United
States is important for water managers, public health officials, and risk assessors of future climate
change. (Am J Public Health. 2001;91:1194–1199)
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According to the US National Assessment on
the Potential Consequences of Climate Vari-
ability and Change,1 determining the role of
weather in the incidence of waterborne dis-
ease outbreaks is a priority public health re-
search issue for this country. Rainfall and
runoff have been implicated in individual out-
breaks in the United Kingdom and the United
States. A waterborne disease outbreak of giar-
diasis in Montana was related to rainfall,2 as
was the largest reported waterborne disease
outbreak ever documented, which occurred
in Milwaukee, Wis, in 1993. There, an esti-
mated 403000 cases of intestinal illness and
54 deaths occurred,3 and the outbreak was
preceded by a period of heavy rainfall and
runoff with a subsequent turbidity load that
compromised the efficiency of the drinking
water treatment plant.4,5

Even outbreaks of Escherichia coli, gener-
ally considered a foodborne pathogen, have
been linked to rainfall events. In fact, the
largest reported outbreak of E coli O157:H7
occurred at a fairground in the state of New
York in September 1999 and was linked to
contaminated well water. Unusually heavy
rainfall, which was preceded by a drought, co-
incided with this major outbreak.1 Under con-
ditions of high soil saturation, rapid transport
of microbial organisms can be enhanced.

Part of the rationale for this study, con-
ducted through a US Environmental Protec-
tion Agency grant for studying the effects of
global climate change on public health, comes
from projections of more intense rainfall that
may accompany global warming. In the past
century, average daily temperatures in the
conterminous United States increased by ap-
proximately 1°F.6 Warmer air can hold more
moisture, and changes in the hydrologic cycle
in the United States have been evidenced by
increases in cloud cover7 and total precipita-
tion.8 Moreover, the type of precipitation has

been changing in the United States, with in-
creases in extreme precipitation events (those
with an intensity of more than 2 inches per
day).9,6,10 These rainfall patterns are consistent
with expectations of a more vigorous hydro-
logic cycle caused by anthropogenic green-
house gas warming of the earth’s surface.11–13

The purpose of our study was to analyze
the relationship between precipitation and
waterborne diseases, using the complete data-
base of all reported waterborne disease out-
breaks in the United States from 1948 to
1994. Rainfall intensity is assumed to be a
key determining factor in the fate and trans-
port of pathogenic microorganisms, but the
relationship has never been analyzed at the
national level.

METHODS

US Waterborne Disease Outbreaks and
Precipitation Data Sets

Data on all reported waterborne disease
outbreaks in the United States between 1948

and 1994 were obtained from the US Envi-
ronmental Protection Agency’s Office of Re-
search and Development. Included in this
data set were the etiologic agent, the commu-
nity and state where the outbreak occurred,
and the month and year of each outbreak.
The outbreak source was designated as either
surface water or groundwater contamination.
The community and state information was
geocoded and expressed as longitude and lati-
tude coordinates marking the affected city or
county.

A waterborne disease outbreak is defined
as an outbreak in which epidemiologic evi-
dence points to a drinking water source from
which 2 or more persons become ill at similar
times. All recreational outbreaks and out-
breaks associated with cross-connections or
back-siphonage between sewage and drinking
water in the distribution system, including
chemical outbreaks, were removed from the
database. We excluded these outbreaks to
focus the analysis on source waters and wa-
tershed contamination and to exclude acci-
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Note. Outbreak locations represent the centroid of the affected watershed.

FIGURE 1—Waterborne disease outbreaks and associated extreme levels of precipitation (precipitation in the highest 10% [90th percentile])
within a 2-month lag preceding the outbreak month: United States, 1948–1994.

dental fecal releases associated with recre-
ational outbreaks and infrastructure problems
in the distribution system.

The conterminous United States is subdi-
vided into 2105 hydrologic cataloging units
called watersheds, which are geographic areas
representing part or all of a surface drainage
basin, a combination of drainage basins, or a
distinct hydrologic feature. Watersheds act as
the drinking water source for the surrounding
area; thus, we chose watersheds as the geo-
graphic units for our investigation. Outbreak
locations, originally designating the affected
city or county, were recoded to correspond to
the centroid of the associated watershed. Data
on US hydrologic units, a hierarchy of geo-
graphic subdivisions including watersheds,
were downloaded from the US Geological
Survey.14 Figure 1 includes boundaries for the

largest subdivision in this hierarchy (water-
sheds are the smallest), which divides the
United States into 18 distinct hydrologic re-
gions, each containing the drainage area of a
major river or the combined drainage areas
of a series of rivers.

Total monthly precipitation readings for the
more than 16000 weather stations located
across the United States from 1948 through
1994 were downloaded from the National Cli-
matic Data Center.15 The weather station loca-
tions were also coded to the watershed level;
each watershed, on the average, contained ap-
proximately 7 weather stations. To account for
local variations, we replaced recorded total
monthly precipitation for each weather station
with its corresponding z score, which was
computed on the basis of the distribution of
values recorded for that month from 1948 to

1997. We considered there to be sufficient in-
formation to compute z scores only if the cor-
responding distributions contained at least 20
years of recorded data. The z score thresholds
were chosen to indicate extreme levels of pre-
cipitation. For example, z scores greater than
0.84, 1.28, and 1.65 correspond, respectively,
to total monthly precipitation in the highest
20%, 10%, and 5% observed for that station
and month from 1948 to 1994. The maxi-
mum z score determined from weather sta-
tion–specific z scores within a watershed was
used as a measure of extreme precipitation for
that watershed.

Statistical Analysis
Figure 1 displays the 548 waterborne dis-

ease outbreaks, plotted using the centroid of
the affected watershed, within the contermi-
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TABLE 1—Waterborne Disease Outbreaks, With Associated Extreme Levels of Precipitationa

in the Preceding 2 Months: United States, 1948–1994

Extreme Precipitation

Outbreak Yes No Total

Yes 268 257 525

No NC NC 1 186 695

Total NC NC 1 187 220

Note. There were 1 187 220 watershed outbreak possibilities. Shown are the 525 outbreaks for which extreme precipitation
data were available. Information regarding extreme precipitation status for watersheds not experiencing an outbreak was not
compiled (NC).
aPrecipitation in the highest 10% (90th percentile).

nous United States that were reported from
1948 to 1994. Of these outbreaks, 51% were
preceded within a 2-month lag by an extreme
level of precipitation in the highest 10% (or
90th percentile), as indicated in the figure.
Several methods, and an accompanying large
body of literature, are available to test for
spatial clustering of disease events.16 In this
study we were interested in testing whether
the outbreaks cluster around extreme precipi-
tation events, as opposed to solely investigat-
ing geographic clustering of outbreaks.

Information in Figure 1 can be represented
with a 2×2 contingency table, watershed out-
break status×watershed extreme precipitation
status. Since this information is collapsed over
time, there are a total of 1187220 water-
shed outbreak possibilities (47 years×12
months×2105 watersheds). Table 1 displays
extreme precipitation status for only those
watersheds known to have experienced an
outbreak. Enumerating the bottom row would
require determining the extreme precipitation
status within a 2-month lag for the remaining
watershed outbreak possibilities, a computa-
tional burden we wished to avoid. The total
number of outbreaks is shown to be 525, not
548, because sufficient precipitation data
were not available for 23 outbreak-associated
watersheds.

Associations between events in contin-
gency tables are usually described with odds
ratios followed by a χ2-based test of inde-
pendence. Proceeding in this fashion, how-
ever, would require a completely enumerated
table. Note that the percentage of coincident
events reported (51%) is simply the (1,1) cell
(outbreak and extreme precipitation) divided

by its marginal total (number of outbreaks).
Since the row and column totals in Table 1
are fixed, the (1,1) cell determines the re-
maining cells and hence the odds ratio; thus,
the percentage of coincident events and the
odds ratio are equivalent descriptors of asso-
ciation. Also, because the marginal totals are
fixed, the Fisher exact test17 can be used to
assess the significance of the association
based on the percentage of coincident events.
Although the calculation of P values in the
Fisher exact test requires fully enumerated in-
formation as well, the rationale behind the
calculation can be approximated with the fol-
lowing Monte Carlo simulation.

The general idea is to repeatedly generate
sets of “outbreaks” in a random fashion, tabu-
lating the percentage of these artificial out-
breaks that coincide with extreme levels of
precipitation at each step. Such a process
would produce a distribution of coincident
percentages under the assumption of no asso-
ciation, which can then be compared with the
observed percentage to compute a P value.
The following algorithm describes the process
for a given set of outbreaks overlaid with ex-
treme precipitation events.

1. Generate a set of outbreaks.
a. Randomly select watersheds.
b. Randomly select a month (1–12) and

year (1948–1994) for each watershed.
2. Calculate and store the percentage of

these outbreaks coincident with extreme
levels of precipitation within a given pre-
ceding monthly lag.

3. Repeat steps 1 and 2 one thousand
times.

The expected percentage of outbreaks co-
incident with extreme levels of precipitation
within a given preceding monthly lag, under
the assumption of no association, can be esti-
mated by averaging the Monte Carlo distribu-
tion of percentages in step 2.

For the data shown in Table 1, if the 525
waterborne disease outbreaks are clustered
both spatially and temporally within water-
sheds experiencing extreme levels of precipi-
tation, then the observed 51% would be
higher than the percentage expected under
the assumption of no association. We were
therefore interested in testing the one-sided
alternative representing a positive association
between outbreaks and extreme precipitation.
P values for such a test can be obtained by
dividing by 1000 the number of percentages
in step 2 that are higher than their respective
observed percentages.

RESULTS

Table 2 cross-tabulates the 548 reported
waterborne disease outbreaks by the 18 hy-
drologic regions and 4 seasons. The distribu-
tion of outbreaks across the seasons (column
totals) shows that the number of outbreaks is
highest during the summer months and low-
est during the winter months. The distribu-
tion across the hydrologic regions (row totals)
may be due to specific hydrologic features
present in these regions. The distributional
variations across regions and seasons can be
controlled for in the Monte Carlo test by re-
stricting the randomization scheme in step 1
of that algorithm to adhere to the marginal
totals shown in Table 2. Thus, each artificial
set of outbreaks would have identical row
and column totals, as shown in Table 2. The
resulting test would then be one of condi-
tional association between outbreaks and ex-
treme precipitation, controlling for variations
across both regions and seasons.

Of the 548 waterborne disease outbreaks
reported between 1948 and 1994, 133 (ap-
proximately 24%) were known to be from sur-
face water contamination, 197 (approximately
36%) were known to be from groundwater
contamination, and 218 (approximately 40%)
had an unknown water contamination source.
The outbreak data also included the etiologic
agents involved in each outbreak. More than
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TABLE 2—Waterborne Disease Outbreaks, by Hydrologic Region and Season: 
United States, 1948–1994

Season

Region Winter Spring Summer Fall Total

1 2 8 17 11 38

2 14 27 63 29 133

3 4 5 12 8 29

4 6 2 18 8 34

5 6 9 18 6 39

6 1 1 2 3 7

7 2 12 10 3 27

8 1 1 5 2 9

9 1 0 1 1 3

10 5 5 24 7 41

11 6 9 16 8 39

12 0 3 4 2 9

13 0 1 5 1 7

14 6 6 7 4 23

15 1 3 3 1 8

16 0 1 3 0 4

17 6 17 34 8 65

18 9 6 14 4 33

Total 70 116 256 106 548

Note. Winter = December, January, February; Spring = March, April, May; Summer = June, July, August; Fall = September,
October, November.

half the outbreaks were determined to be
“acute gastrointestinal illness,” about 13% were
attributed to Giardia, and the remainder were
caused by 35 other specific agents.

We used the Monte Carlo test presented
above to test the significance of the overlaid
information shown in Figure 1 and other as-
sociations between waterborne disease out-
breaks and extreme precipitation, controlling
for the possible confounding effects due to
hydrologic region and season. Different sce-
narios were investigated by varying the pre-
ceding monthly lag time and level of extreme
precipitation. Separate analyses were per-
formed for outbreaks due to surface water
contamination, outbreaks due to groundwater
contamination, and the combined data, in-
cluding outbreaks with an unknown water
contamination source. The results, which are
presented in Table 3, include for each sce-
nario the observed percentage of outbreaks
coincident with extreme precipitation events;
an estimated expected percentage of coinci-
dent events, assuming no association; and the

P value testing the significance of the ob-
served percentage.

Results for the association depicted in Fig-
ure 1 (combined data, monthly lag 0, 1, 2,
and 90th percentile extreme precipitation) in-
dicate that after controlling for variations
across regions and seasons, we would have
expected 43.2% of the outbreaks to be coin-
cident with extreme precipitation if there was
no association between outbreaks and ex-
treme precipitation. The observed percentage
of outbreaks coincident with levels of extreme
precipitation—51.0%—was highly significant
(P=.002). P values of less than .001 in
Table 3 indicate the strongest evidence of an
association; they occurred when the random
selection of watershed outbreaks, for the
1000 iterations performed in step 1 of the
Monte Carlo algorithm, did not produce a
percentage of outbreaks coincident with this
level of extreme precipitation that was higher
than the observed percentage.

The association between outbreaks and ex-
treme precipitation remained statistically sig-

nificant at the .05 level across all of the sce-
narios we considered for the combined data.
The analysis stratified by water contamina-
tion source showed that outbreaks due to sur-
face water contamination were most signifi-
cant for extreme precipitation during the
month of the outbreak. Outbreaks due to
groundwater contamination, however,
showed highest significance for extreme pre-
cipitation 2 months prior to the outbreak.
This might be expected, considering the di-
rect vs complex routes of exposure.

DISCUSSION

This study represents the first quantitative
analysis of the relationship between extreme
precipitation and waterborne disease out-
breaks at the national level and over an ex-
tended period. Our findings show a statisti-
cally significant association between weather
events and disease. However, we recognize
that multiple factors are involved, which
must occur simultaneously in time and
space. Elements of an outbreak event in-
clude (1) a source of contamination (infected
humans, domestic animals, or wildlife); (2)
fate and transport of the contaminant from
source to drinking water supplies; (3) inade-
quate treatment; and (4) detection and re-
porting of the outbreak.18 Given the variabil-
ity of these factors across the United States,
the robustness of our findings demonstrates
the important role of extreme wet-weather
events in microbial fate and transport and as
a contributing factor in US waterborne dis-
ease outbreaks.

Incorporating data on other causal compo-
nents will be important in the development of
better predictive models extending beyond
this study’s limitations. We have partially con-
trolled for source of outbreak by conducting
analyses at the watershed level. Watersheds
might be expected to maintain some consis-
tency in land use patterns; however, these
patterns, inevitably, have changed over the
47 years analyzed. Several state-specific
analyses that could include more detailed
land use and treatment facility information
would, therefore, be of benefit as a follow-up
to this national-level study.

Our study is limited by the temporal reso-
lution of the waterborne disease outbreak
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TABLE 3—Monte Carlo Simulation Results for the Association Between Waterborne Disease 
Outbreaks and Extreme Precipitation: United States, 1948–1994

Extreme Precipitation Percentile

Surface Water Contamination Groundwater Contamination Combined

Monthly Lag 80th 90th 95th 80th 90th 95th 80th 90th 95th

Monthly lag 0

Observed, % 39.1 28.9 22.7 31.2 21.4 13.5 33.3 22.8 16.8

Monte Carlo, % 26.9 17.4 11.7 28.8 18.6 12.4 27.7 17.9 12.0

P .001 <.001 .001 .229 .173 .314 .001 <.001 .002

Monthly lag 0,1

Observed, % 55.1 41.7 33.9 53.9 39.3 26.2 52.3 38.3 28.8

Monte Carlo, % 45.5 31.2 21.7 48.0 33.0 22.7 46.5 31.9 22.0

P .022 .003 .002 .059 .039 .132 .003 .001 <.001

Monthly lag 0,1,2

Observed, % 65.9 50.8 42.9 71.6 52.1 36.8 68.0 51.0 39.4

Monte Carlo, % 58.9 42.3 30.3 61.6 44.4 31.6 59.9 43.2 30.7

P .063 .023 .001 .002 .021 .062 <.001 .002 <.001

Monthly lag 1

Observed, % 34.6 22.8 18.1 33.2 22.8 14.5 31.6 20.3 14.9

Monte Carlo, % 26.8 17.4 11.6 28.7 18.5 12.3 27.5 17.7 11.8

P .033 .060 .026 .083 .070 .183 .005 .047 .009

Monthly lag 1,2

Observed, % 54.8 36.5 31.0 57.8 41.7 28.6 54.4 37.5 27.8

Monte Carlo, % 45.4 31.0 21.5 47.7 32.6 22.4 46.3 31.6 21.7

P .023 .109 .003 .002 .009 .027 <.001 .001 <.001

Note. Shown are results for outbreaks known to be from surface water contamination, outbreaks known to be from groundwater contamination, and the combined data, including outbreaks with an
unknown water contamination source. Listed for each monthly lag and extreme precipitation scenario are the observed percentage of outbreaks coincident with extreme precipitation, the Monte
Carlo–expected percentage of coincident events, and the corresponding P value.

data. These data have been reported in the
same way for approximately 50 years. Im-
proved understanding and better prevention
might be achieved if outbreak data included
start and end dates rather than simply the
month of occurrence.18

Reporting bias is a key component in the
waterborne disease outbreak data. Experts es-
timate that we may be seeing only a small frac-
tion of the actual outbreaks.19 With such a bias,
many of the cluster detection methods that
focus primarily on geographic clustering of dis-
eases would clearly be inappropriate. The
method we applied, which is focused more on
the clustering of outbreaks around extreme
precipitation, is appropriate under the assump-
tion that outbreak reporting is independent of
surrounding monthly precipitation.

Although the United States is thought to
have high-quality drinking water, the risk of
contamination from leaking septic tanks or

agricultural runoff remains. One pathogen,
Cryptosporidium, a protozoan that completes its
life cycle within the intestine of mammals, is
shed in high numbers of infectious oocysts that
are dispersed in feces. It is highly prevalent in
ruminants and readily transmitted to hu-
mans.20 In a cross-sectional analysis of 50 live-
stock farms sampled within the 100-year
floodplain in Lancaster County, Pennsylvania,
manure samples from 64% of the farms tested
positive for C parvum.21 Therefore, it is biologi-
cally plausible that increases in rainfall and
runoff intensity would result in more contami-
nation of source waters by this parasite.

Our results are also consistent with findings
from other studies. For example, Atherholt et
al. found that concentrations of Cryptosporid-
ium oocysts and Giardia cysts in the Delaware
River were positively correlated with rain-
fall.22 In 1998, a drinking water outbreak of
cryptosporidiosis that occurred in Brushy

Creek, Tex, was linked to storms that led to
sewage contamination of wells and creeks.23

Cryptosporidium oocysts are very small (~5
microns) and are difficult to remove from
water; a recent study found that 13% of fin-
ished water still contained Cryptosporidium
oocysts,24 indicating some passage of microor-
ganisms from source to treated drinking water.

Municipal water systems, even today, can
be overburdened by extreme rainfall events.
For example, many communities still have
combined sewer systems designed to carry
both storm water and sanitary wastewater to
a sewage treatment plant. During periods of
heavy rainfall or snowmelt, the stormwater
can exceed the capacity of the sewer system
or treatment plant, and these systems are de-
signed to discharge the excess wastewater di-
rectly into surface water bodies.25,26 For
northern latitudes and high-elevation re-
gions, the addition of temperature values
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could further enhance the analysis by ad-
dressing the contribution of snowmelt.

During the heavy rainfall that accompanied
the very strong El Niño of 1997 and 1998, a
survey of a southwest Florida estuary found
higher concentrations of fecal indicator organ-
isms than occurred throughout the rest of the
year,27,28 implicating heavy rainfall as a risk
factor for waterborne or seafood-borne dis-
ease. In urban watersheds, more than 60% of
the annual load of all contaminants is trans-
ported during storm events.29 In general, tur-
bidity increases during storm events, and
studies have recently shown a correlation be-
tween increases in turbidity and illness in
communities.30,31

In summary, there is mounting evidence
that heavy precipitation and runoff events
significantly contribute to the risk of water-
borne disease outbreaks. In the future, incor-
poration of other site-specific parameters,
particularly land use patterns and treatment
facility specifications, may allow for the de-
velopment of more localized predictive mod-
els that can benefit water managers and pub-
lic health planners. Our findings provide
further insight into the linkage between
weather and human disease that can be ap-
plied to risk assessments of future climate
change.
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