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Abstract

Gastrointestinal illness (GI) has been associated with heavy rainfall. Storm events and peri-

ods of heavy rainfall and runoff can result in increased microbiological contaminants in raw

water. Surface water supplies are open to the environment and runoff can directly influence

the presence of contaminants. A time-stratified bi-directional case-crossover study design

was used to estimate associations of heavy rainfall and hospitalizations for GI. Cases of GI

were identified as in-patient hospitalization with a primary diagnosis of infectious disease

associated diarrhea [ICD-9 codes: specified gastrointestinal infections 001–009.9 or diar-

rhea 787.91] among the residents of New Jersey from 2009 to 2013 resulting in a final sam-

ple size of 47,527 cases. Two control days were selected on the same days of the week as

the case day, within fixed 21-day strata. Conditional logistic regression was used to estimate

odds ratios controlling for temperature and humidity. To determine potential effect modifica-

tion estimates were stratified by season (warm or cold) and drinking water source (ground-

water, surface water, or ‘other’ category). Stratified analyses by drinking water source and

season identified positive associations of rainfall and GI hospitalizations in surface water

systems during the warm season with no lag (OR = 1.12, 95% CI 1.05–1.19) and a 2-day lag

(OR = 1.09, 95% CI 1.03–1.16). Positive associations in ‘Other’ water source areas (served

by very small community water systems, private wells, or unknown) during the warm season

with a 4-day lag were also found. However, there were no statistically significant positive

associations in groundwater systems during the warm season. The results suggest that

water systems with surface water sources can play an important role in preventing GI hospi-

talizations during and immediately following heavy rainfall. Regulators should work with

water system providers to develop system specific prevention techniques to limit the impact

of heavy rainfall on public health.

Introduction

Heavy rainfall has been associated with outbreaks of waterborne diseases [1–3], and specifi-

cally with increases in gastrointestinal illness (GI) [4–6]. Storm events and periods of heavy
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rainfall and runoff can result in increased raw water turbidity, which has been positively asso-

ciated with microbiological contaminants in raw water [5, 7]. Outbreaks of waterborne dis-

eases have been attributed to unfiltered, insufficiently filtered, or inadequately disinfected

surface waters [1, 8]. Surface water supplies, which are open to the atmosphere and to direct

runoff from the land, are therefore susceptible to microbiological contamination [7]. Particles,

indicated by high turbidity levels, can protect pathogens from inactivation by chemical disin-

fection [9, 10]. Source water turbidity as an indicator of water quality has been shown to be an

explanatory factor in GI [11–16].

Unlike surface water, groundwater is thought to be naturally protected from increases in tur-

bidity and microbial contamination from rainfall and runoff and therefore does not require disin-

fection plus filtration for particle removal [17]. However, national waterborne disease surveillance

data show that the majority of drinking water-related outbreaks are occurring in community

water systems that utilize a groundwater source [18, 19]. Non-disinfected groundwater may be

vulnerable to contamination with viruses, which can increase the risk of GI among communities

served by these systems [20]. Microbes can be introduced into the distribution system and with-

out a disinfection residual there is no first line of defense [18]. A systematic review identified the

need for ‘robust epidemiological studies’ to assess health risks associated with other types of water

systems as well as to determine the influence of precipitation on GI [21].

Since severe weather events are predicted to occur more frequently and with greater sever-

ity in the future [22], a more thorough understanding is needed of the conditions under which

heavy rainfall may impact microbiological water quality and result in increases in GI. Addi-

tionally, assessing the role of drinking water source will help to fill in identified gaps in this

area of research [21, 23]. To assess our hypothesis that days of heavy rainfall are associated

with increased risk of hospitalization due to GI, we employed a time-stratified bi-directional

case-crossover study design. Additionally, we hypothesize risk might differ by drinking water

source, so analyses were stratified by drinking water source based on residential address. Find-

ings from this work can be used to provide guidance for interventions to prevent disease and

protect drinking water sources.

Materials and methods

Ethical statement

This research involves human participants’ personal health information and was approved by

the New Jersey Department of Health (NJDOH) Institutional Review Board (IRB) for human

subjects research and later transferred to Rowan University IRB as the IRB of record for this

study. Informed consent for this work was waived due to practicability and determination of

minimal risk.

Study population and GI case information

The study population comprised residents of the State of New Jersey during 2009 through

2013. Cases of GI among the population were identified as in-patient hospitalizations with a

primary diagnosis of infectious disease associated diarrhea [ICD-9 codes: specified gastrointes-

tinal infections 001–009.9 or diarrhea 787.91] in the New Jersey Hospital Discharge Data Col-

lection System.

Study design

We employed a time-stratified bi-directional case-crossover study design, which compares

each case’s exposure to referent (control) days. Since each case serves as his or her own control,
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individual-level confounding factors that remain constant over a short period of time (e.g.,

age, race, gender, socioeconomic status) are controlled for.

The date of hospital admission served as the case day. Two control days were selected from

those days on the same day of the week as the case, and that were within the same, fixed 21-day

stratum as the case (Twenty-one day strata began on January 1, 2009). Further, bi-directional

control sampling allows theses control days to be selected from weeks before and/or weeks

after the case day [24]. Selection by week avoids any confounding effects of day of week and

time-stratification into 21-day strata avoids bias from long-term temporal patterns [24–27].

Reoccurring hospitalizations for an individual within the same 21-day stratum were excluded

to maintain an assumption of independence [27, 28].

Data sources

Rainfall data and other weather factors. Global Surface Summary of the Day data, which

includes daily measures of rainfall, temperature, and relative humidity for 26 stations in New

Jersey, were obtained from the National Centers for Environmental Information [29]. Each of

the 26 stations were geocoded to one of five climate regions defined by the Office of the New

Jersey Climatologist [30]. Daily values of meteorological factors from each station were aver-

aged within each climate region to minimize the impact of missing daily data at any one

weather station.

Community water system boundaries. The New Jersey Department of Environmental

Protection (NJDEP) developed a geographic information system (GIS) layer defining the

boundaries of community water system (CWS) in the state [31]. Each of the 601 identified

CWSs was categorized into one of two main sources of water: groundwater or surface water.

This categorization was made using data reported to the U.S. Environmental Protection

Agency (USEPA) and also from data collected by NJDEP [32, 33]. If there was a discrepancy in

water source classification between the two sources, the USEPA classification was used. An

estimated 12 percent of New Jersey residents are served by private wells or very small commu-

nity water systems not mapped in the GIS layer (e.g., mobile home parks). Since water sources

in these areas may pose a unique microbiological risk, these areas were designated as ‘Other’

water source.

Other data. Using the 2010 U.S. Census Bureau, the percentage of persons living in pov-

erty by census tract was used to define socioeconomic status (SES) [34]. A high proportion of

people living in poverty results in a low SES categorization. For use of SES as a stratifying vari-

able in this analysis, high SES was defined as< 5% living in poverty, medium SES as 5 to 20%,

and low SES as>20%.

Exposure assessment

Each GI case was geocoded using the residential street address appearing in the hospitalization

record, with 94% completed matching. Cases that could not be geocoded to residential address

were excluded. Cases were spatially linked to one of the five identified climate regions in New

Jersey. Each case-day and control-day was assigned meteorological exposures based on day

and the assigned climate region. Each case was also spatially linked to a New Jersey CWS or

‘Other’ water source area, and to a census tract.

Statistical analyses

Conditional logistic regression was used to estimate the relative odds of exposure to rainfall

events, comparing case days to control days. Odds ratios (OR) and 95% confidence intervals

(CI) were computed. Rainfall was categorized as ‘heavy rainfall’ if it was equal to or greater
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than the 90th percentile (0.37 inches) for same day rainfall or (0.33 inches) for 3-day average

rainfall among control days. Previous research has indicated that associations with precipita-

tion and outbreaks of disease occur at or above the 90th percentile [1, 10]. All models were

adjusted for same day temperature and same day relative humidity. Statistical significance was

determined if the 95% confidence interval did not overlap the null.

Microbiologically-associated GI hospitalizations could have latency periods that include

the time from a rainfall event to exposure of an individual at the tap, the time from expo-

sure to symptom onset, and the time from symptom onset to hospitalization. Therefore,

exposure lagging of up to 14 days was explored. To explore the potential for cumulative

impact of rainfall events, 3-day average rainfall was computed with 3-day, 5-day, and 7-day

lags.

Stratification by season defined as warm (April through October, average temperature

� 50 degrees Fahrenheit) or cold (November through March) was performed to assess sea-

sonal effect modification by season. Models were also stratified by water source: groundwa-

ter, surface water, and ‘Other’ to assess effect modification by water source. Finally, models

were stratified by gender, age group (� 5 years, 5 < 65 years, � 65 years) since the pediatric

and older populations may be more susceptible to GI events, race (White, Black, Asian,

American Indian/Alaska Native, and other/unknown), and census tract-based SES. Based

on findings, a threshold analysis was conducted in which the bottom 50th percentile was

compared to each increasing 5th percentile up to the 90th percentile for each water source.

ORs and 95% CIs were graphed to explore the shape of the dose-response relationship.

Results

A total of 47,527 cases of hospitalization for GI were identified, and resulted in the selection of

95,054 control days. The service population of CWS across the state varies widely. Therefore, a

large proportion of cases were linked with larger CWSs. One CWS served by a surface water

source served approximately 11% of cases, and supports over 790,000 people (about 9% of

New Jersey’s population). Six other systems each served about 5% of the cases. The ‘Other’ cat-

egory consisting of areas served by very small CWS, private wells, or unknown was 15% of the

study population, which compares to the current estimate of 12% of the New Jersey population

served by private wells.

Cases were more often female (59.0%) than male (41.0%). A larger proportion of cases

were White (67.3%) than Black (20.5%) or other race group. About 5% of cases were under

age 5 years, and 43% were age 65 years or over. Approximately 18% of cases lived in census

tracts categorized for this analysis as low SES. Demographic characteristics of cases differed

by drinking water source (Table 1). From surface water sources, there were higher propor-

tion of cases who were non-White, younger, and from low SES census tract.

Adjusted ORs and 95% CIs of GI hospitalization and heavy rainfall are presented for vari-

ous lag periods for the full year and by season in Table 2. Effect estimates up to lag 14 were esti-

mated but only findings up to lag 7 are presented, since there were no significant associations

seen with lags beyond that point.

For the full year, there was an inverse association of GI with rainfall with a 3-day lag (OR = 0.96,

95% CI 0.92–0.99) and a positive association of GI with 3-day average rainfall with a 7-day lag

(OR = 1.04, 95% CI 1.01–1.08). During the warm season, positive associations of GI hospitalization

and heavy rainfall were seen with no lag (OR = 1.10, 95% CI 1.04–1.15), a 2-day lag (OR = 1.09,

95% CI 1.04–1.14), and a 4-day lag (OR = 1.07, 95% CI 1.02–1.12). During the cold season there

were statistically significant inverse associations for same-day lag through 3-day lag, and for 3-day

averages with no lag and a 3-day lag.

Gastrointestinal illness and rainfall by water source
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Table 3 presents adjusted ORs and 95% CIs for GI hospitalization and rainfall stratified by

drinking water source as well as season. For groundwater systems, there were no statistically

significant associations between rainfall and GI during the warm season. During the cold sea-

son, there were inverse associations with a 3-day average rainfall with no lag (OR = 0.82, 95%

CI 0.70–0.96) with a 7-day lag (OR = 0.86, 95% CI 0.75–1.00).

For surface water sources, GI was positively, statistically significantly associated with heavy

rainfall during the warm season on the same day and with a 2-day lag (OR = 1.12, 95% CI

Table 1. Percentage of cases by gender, race, age group, and SES demographic characteristics by water source type.

Ground(20.3%) Surface(64.5%) Other(15.3%)

Gender

Male 19.2 65.8 15.0

Female 21.0 63.5 15.5

Race

White 23.6 58.9 17.4

Black 13.0 76.1 10.9

Asian 9.1 80.5 10.3

AI/AN 18.7 72.4 8.9

Other/Unknown 14.5 74.3 11.2

Age group

<5 years 16.2 72.5 11.2

�5 and <65 years 18.2 66.6 15.3

� 65 years 23.3 60.9 15.8

SES

High SES 21.8 59.7 18.5

Moderate SES 22.1 64.6 13.3

Low SES 12.3 74.2 13.5

doi:10.1371/journal.pone.0173794.t001

Table 2. Adjusted odds ratios (OR) and 95% confidence intervals (CI) of association with 90th percen-

tile precipitation and hospitalizations for gastrointestinal illness by season.

Full YearN = 142,581 Warm SeasonN = 81,125 Cold SeasonN = 61,456

OR 95% CI OR 95% CI OR 95% CI

No lag 1.02 0.98–1.05 1.10 1.04–1.15* 0.91 0.86–0.97*

1-day lag 0.97 0.93–1.01 1.04 0.99–1.09 0.87 0.82–0.92*

2-day lag 1.02 0.98–1.06 1.09 1.04–1.14* 0.92 0.87–0.98*

3-day lag 0.96 0.92–0.99* 1.03 0.98–1.08 0.85 0.80–0.90*

4-day lag 1.03 0.99–1.07 1.07 1.02–1.12* 0.96 0.91–1.02

5-day lag 1.02 0.98–1.06 1.05 1.00–1.10 0.99 0.93–1.05

6-day lag 1.00 0.96–1.03 1.02 0.97–1.06 0.96 0.91–1.02

7-day lag 0.99 0.96–1.03 0.99 0.94–1.04 0.98 0.92–1.04

3-day avg (no lag) 0.96 0.92–0.99 1.03 0.98–1.08 0.86 0.81–0.92*

3-day avg (3-d lag) 0.99 0.96–1.03 1.03 0.98–1.08 0.94 0.88–0.99*

3-day avg (5-d lag) 0.99 0.96–1.03 0.97 0.92–1.02 1.03 0.97–1.09

3-day avg (7-d lag) 1.04 1.01–1.08* 1.02 0.97–1.07 1.06 1.00–1.12

ORs adjusted for temperature and humidity; Warm season (April–October), Cold Season (November-

March); N is number of case and control days.

*Statistically significant (p-value < 0.05).

doi:10.1371/journal.pone.0173794.t002
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1.05–1.19 and OR = 1.09, 95% CI 1.03–1.16, respectively). During the cold season, associations

for surface water sources were inversely, statistically significantly associated with same-day

through 3-day lag periods as well as with a 3-day average precipitation with no lag and with a

3-day lag. For ‘Other’ water sources, there was a statistically significant positive association

with a 4-day lag period (OR = 1.16, 95% CI 1.03–1.31) during the warm season, and statisti-

cally significant association with a 3-day average with a 5-day lag (OR = 1.19, 95% CI 1.02–

1.39) during the cold season.

Adjusted ORs and 95% CI of associations by age group, White and Black race, and SES cate-

gories for surface water systems during the warm season are presented in S1 Table. When

stratified by age group, the association between GI and heavy rainfall events was stronger

among children under the age of 5 years (for example, OR = 1.41, 95% CI 1.08–1.85 for no lag)

than in the other age groups. White or Black race did not appear to modify the association,

while associations were stronger among individuals residing in lower SES census tracts (for

example, OR = 1.20, 95% CI 1.06–1.37 for no lag).

Threshold analysis compared the bottom 50th percentile to each increasing 5th percentile of

rainfall levels during the warm season for both same day and 4-day lag for all water sources

combined and for each water source type (Fig 1). The analysis indicates an increase in same

day effect estimates of associations between GI hospitalization and rainfall with increasing

rainfall amounts overall, particularly when restricted to surface water systems. The effect over-

all appears to be driven by associations in surface water sources. Same day (no lag) comparing

the 90th percentile to the 50th percentile (0 inches of rainfall) produced an increased effect

(OR = 1.22, 95% CI 1.12–1.33) compared to 90th percentile to all other rainfall days presented

in Table 3 (OR = 1.12, 95% CI 1.05–1.19). These same effects were not found when examining

a 4-day lag. By removing other rainfall exposures between the 50th percentile and the 90th per-

centile are likely to have strengthen the association. An increase in effect estimate for GI hospi-

talization with increasing rainfall may also be indicated in ‘Other’ water source type for a

Table 3. Adjusted odds ratios (OR) and 95% confidence intervals (CI) of association with 90th percentile precipitation and hospitalizations for gas-

trointestinal illness by season and water source.

Groundwater Surface water Other

WarmN = 16284 ColdN = 12584 WarmN = 52254 ColdN = 39658 WarmN = 12587 ColdN = 9214

OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI

No lag 1.05 0.93–1.18 0.93 0.80–1.08 1.12 1.05–1.19* 0.90 0.83–0.97* 1.06 0.93–1.20 0.98 0.83–1.15

1-day lag 1.02 0.91–1.14 0.88 0.76–1.02 1.05 1.00–1.11 0.85 0.79–0.91* 1.01 0.89–1.14 0.94 0.80–1.10

2-day lag 1.08 0.96–1.20 0.98 0.85–1.12 1.09 1.03–1.16* 0.89 0.83–0.96* 1.07 0.95–1.20 1.01 0.86–1.19

3-day lag 1.00 0.90–1.12 0.89 0.76–1.03 1.02 0.96–1.07 0.83 0.77–0.89* 1.11 0.99–1.25 0.89 0.75–1.04

4-day lag 1.06 0.95–1.19 0.97 0.84–1.12 1.06 1.00–1.12 0.95 0.88–1.02 1.16 1.03–1.31* 1.02 0.87–1.19

5-day lag 1.06 0.95–1.19 1.05 0.92–1.21 1.03 0.98–1.09 0.98 0.91–1.05 1.10 0.97–1.24 0.97 0.83–1.13

6-day lag 1.01 0.90–1.13 1.05 0.92–1.21 1.02 0.96–1.08 0.95 0.88–1.02 1.02 0.91–1.15 0.89 0.76–1.06

7-day lag 1.00 0.90–1.12 0.86 0.75–1.00* 0.97 0.92–1.03 1.01 0.94–1.09 1.05 0.93–1.19 1.01 0.86–1.19

3-day avg (no lag) 1.00 0.90–1.13 0.82 0.70–0.96* 1.03 0.97–1.10 0.86 0.80–0.93* 1.04 0.92–1.17 0.91 0.77–1.08

3-day avg (3-d lag) 0.99 0.88–1.11 1.02 0.88–1.19 1.03 0.97–1.09 0.91 0.85–0.98* 1.06 0.94–1.20 0.98 0.83–1.15

3-day avg (5-d lag) 0.98 0.87–1.10 1.10 0.96–1.28 0.97 0.91–1.02 0.98 0.92–1.05 0.97 0.86–1.09 1.19 1.02–1.39*

3-day avg (7-d lag) 1.01 0.91–1.13 1.02 0.87–1.18 1.01 0.95–1.07 1.07 0.99–1.15 1.07 0.95–1.21 1.07 0.90–1.26

ORs adjusted for temperature and humidity; Warm season (April–October), Cold Season (November-March); N is number of case and control days.

*Statistically significant (p-value < 0.05).

doi:10.1371/journal.pone.0173794.t003
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Fig 1. Threshold analysis of odds ratios and 95% confidence intervals of 50th percentile compared to each increasing 5th percentile

of precipitation overall and for groundwater, surface water, and ‘Other’ water source for same day and 4-day lag precipitation during

the warm season.

doi:10.1371/journal.pone.0173794.g001
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4-day lag, although no associations are statistically significant. There were no statistically sig-

nificant associations for groundwater at any percentile for either same day or 4-day lag

Discussion

Gastrointestinal illness (GI) attributable to drinking water presents a large nationwide burden

each year, with estimates of 4.3 to 11.7 million cases per year [35] and 16.4 million cases per

year [36]. Two reviews, one focusing on studies of precipitation and disease [23] and another

on methods used to attribute GI to drinking water [21] both identified the importance of

future research to assess the intersection of disease, rainfall, and drinking water factors. Our

statewide study of over 47,000 hospitalizations for GI utilized a time-stratified, bi-directional

case-crossover study design. Stratification by CWS water source identified positive associa-

tions of rainfall and GI hospitalizations in surface water systems during the warm season with

no lag and a 2-day lag, no positive associations in groundwater systems, and positive associa-

tions in ‘Other’ water source areas (served by very small CWS, private wells, or unknown) dur-

ing the warm season with a 4-day lag.

Studies have shown mixed results regarding associations of precipitation and waterborne

disease. A review of studies of extreme precipitation and drinking water-related waterborne

infections identified 11 studies with positive associations, six with no associations, and three

with mixed results [23]. Studies in developed countries include an analysis of camplybacterio-

sis cases (n = 1,477) and precipitation in a 1994–2007 time-series study in Philadelphia, which

found no association [37], and a time-series study of GI (n = 17,357) and rainfall in Wisconsin,

2002 to 2007 which found a statistically significant 11% increased risk [4]. The review by Guz-

man Herrador et al. (2015) acknowledged the limited number of studies of weather events and

disease that took into account the type of water treatment, water source, or water supply.

There is evidence that indicators of microbiological drinking water quality parameters are

associated with increased waterborne disease risk, and that risk may be modified by source

water type. Excess risk of emergency department visits for diarrhea and source water turbidity

in New York City peaked at a 6-day lag [13] and a study in Philadelphia among both the pedi-

atric population [38] and elderly population [15] found small increases in turbidity are associ-

ated with risk of diarrheal disease. A cohort study in Vancouver, Canada found a positive

association with physician visits (n = 1,353) for intestinal illness among water systems mostly

served by surface water, however the same analysis examining hospitalizations of intestinal ill-

ness did not find the same positive association [38]. A cross-sectional survey in Quebec, Can-

ada found associations with precipitation and GI with further analyses providing evidence that

water source plays an important role on the risk of GI. [39].

In our study, drinking water source modified associations of rainfall and illness in which

positive associations were limited to surface water and ‘Other’ sources of drinking water, but

not groundwater. Threshold analyses presented in Fig 1 indicate increasing risk of hospitaliza-

tions for GI with increasing rainfall among surface water systems on the day of the rain event.

These same trends were not seen in a 4-day lag and were limited to surface water sources only.

This analysis strengthens the findings that associations among surface water systems are acute

and increase with increasing rainfall. Teschke et al. (2010) found an increased risk of physician

visits for intestinal infectious disease with two-week accumulated precipitation served by surface

water supplies especially for no lag and 10-day lag but this did not remain statistically significant

after adjustment for other variables [40]. Ueijo et al. (2014) found that more precipitation dur-

ing the summer/fall season increased childhood GI in municipalities with untreated municipal

water while GI in municipalities served by treated municipal water and private wells were not

influenced by hydrologic events [41].

Gastrointestinal illness and rainfall by water source
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We hypothesized associations to be lagged due to environmental transport, disease latency,

and health-seeking behaviors. Curriero et al. (2001) found a 51% increase of waterborne dis-

ease outbreaks with a 2-month lag and a time-series analysis among two Inuit communities in

Canada from 2005–2008 found significantly positive associations of infectious gastrointestinal

illness with high 2-week and 4-week lagged water volume input (rainfall plus snowmelt) [1, 5].

Our observed associations of little to no lag in surface water does not account for the lag

time that would be associated with a hypothesized delay for a mechanism of event to exposure

to disease. It is possible that there are vulnerabilities in some surface water systems which

could drive these acute positive associations following rainfall, including open-air reservoirs

and water storage tank susceptibilities, but future research is required to investigate this. A

large time-series analysis in Wisconsin found positive associations with rainfall and GI with a

4-day lag [4] which does align with our findings when models were stratified by drinking

water served by ‘Other’ water source. Additionally, comparability across studies is limited due

to differences in study design, use of health outcome measures (e.g. physician visit, nurse calls,

hospitalization admission), and difference in lag windows (days, weeks, months) which may

affect both lagging results and overall conclusions.

Stratification by season was necessary to detect associations with rainfall and hospitalization

with GI [13, 41]. Seasonal effect modification may be explained by behavioral changes such as

less recreational swimming during the cold season or differences in bacterial or viral etiologies

of GI during each season [41]. Interestingly, inverse associations were found during the cold

season. Heavy precipitation in the cold months may frequently fall as snow, but precipitation

data in this study included both rain and the rain-equivalent of snow. Impacts on water bodies

may be variable depending on the timing of thaw or melting periods after snowfalls. Cold tem-

peratures and snow- or ice-covered roads may decrease access to health care. Additionally, a

patient’s choice of medical contact (in-person visits versus phone calls) appears to depend on

weather conditions [42].

Our study found that children under 5 years of age were at an increased relative risk of GI

hospitalizations following heavy rainfall events than other age groups, and some evidence of

increased relative risk among those residing in census tracts in the lowest SES category in com-

parison to higher categories. Race did not modify effect estimates. Teschke et al. (2010) found

an elevated odds ratio for hospitalizations for intestinal illness among children aged 1 to 4

(OR = 6.54, 95% CI 3.64, 11.8) and also individuals in the lowest two household income quin-

tiles at an increased risk of intestinal infections (OR = 1.18, 95% CI 1.03, 1.30 and OR = 1.19,

95% CI 1.07, 1.32 respectively) [40]. Our threshold analysis indicated an increasing effect with

increasing percentiles of precipitation among water systems with surface water source, but not

with groundwater or ‘Other’ source.

Non-differential exposure misclassification may have introduced bias towards the null.

Meteorological data were averaged from various stations over each of the five climate regions.

This allowed for complete meteorological information but daily assigned rainfall exposure

may not accurately reflect the actual conditions that may have impacted water quality where a

particular case resides. Exposure assignment was based on residential address, but actual expo-

sure to drinking water on any given day may have occurred elsewhere such as at work or

school. Assignment of source water may have been inaccurate since some water systems, espe-

cially larger ones, are particularly complex, often utilizing both surface and groundwater in dif-

ferent parts of the service area and at different times throughout the year. More refined

understanding of water distribution through time within complex CWSs would be needed to

better classify the drinking water source for each case. The ‘Other’ category is not a homoge-

neous grouping regarding water quality, vulnerability to heavy precipitation, or source water

type.

Gastrointestinal illness and rainfall by water source

PLOS ONE | DOI:10.1371/journal.pone.0173794 March 10, 2017 9 / 13



Although the U.S. government is responsible for implementing the Safe Drinking Water

Act, each state has the authority to create more stringent and/or additional standards or rules

for water systems in their jurisdiction. For example, all CWS in New Jersey are required to

maintain a detectable level of disinfectant regardless of whether source water comes from a

groundwater or surface water source, unlike the non-disinfected municipal water systems

studied by Ueijo et al. (2014). We believe it is important to understand the role drinking water

plays in endemic rates of GI especially as weather factors and events are predicted to have larger

impacts in the future. However, the role of water systems in associations of precipitation and

disease will likely vary based on the drinking water regulations and source waters particular to

each place. Therefore, more studies in more geographic areas will be needed to understand the

specific and unique vulnerabilities of water systems with varying source characteristics and reg-

ulatory environments.

Findings from this project have identified needs for further research. Additionally, more

work has to be done to identify surface water system vulnerabilities. This may allow us to pin-

point the driving factors or identify water systems that may be driving observed positive asso-

ciations. Future research in New Jersey may also include performing time-series analyses or

analyses restricted to one large CWS served by a surface water source. This would allow a

more detailed exposure assessment and may allow the linkage of rainfall, snowfall, melt events,

and other possible modulating water quality parameters to GI.

Conclusions

Water systems with surface water sources can play an important role in preventing GI hospi-

talizations during and immediately following heavy rainfall. Although more research is

required to determine factors that may explain the mechanism of risk or to explain a mecha-

nism unrelated to drinking water, surface water systems may consider additional protection

measures during heavy rainfall events such as source water protection. Regulators should work

with water system providers to develop system specific prevention techniques to limit the

impact of heavy rainfall on public health.

Supporting information

S1 Table. Adjusted odds ratios (OR) and 95% confidence intervals (CI) of association with

90th percentile precipitation and hospitalizations for gastrointestinal illness by age group,

white/black race, and SES category in surface water sources during the warm season.

(DOCX)

Author Contributions

Conceptualization: JAG.

Data curation: JAG.

Formal analysis: JAG JAF.

Investigation: JAG.

Methodology: JAG JAF.

Project administration: JAG.

Resources: JAG.

Software: JAG.

Gastrointestinal illness and rainfall by water source

PLOS ONE | DOI:10.1371/journal.pone.0173794 March 10, 2017 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0173794.s001


Supervision: JAG JAF.

Validation: JAF.

Visualization: JAG.

Writing – original draft: JAG.

Writing – review & editing: JAF.

References
1. Curriero FC, Patz JA, Rose JB, Lele S. The association between extreme precipitation and waterborne

disease outbreaks in the United States, 1948–1994. American journal of public health. 2001; 91

(8):1194–9. Epub 2001/08/14. PubMed Central PMCID: PMCPMC1446745. PMID: 11499103

2. Nichols G, Lane C, Asgari N, Verlander NQ, Charlett A. Rainfall and outbreaks of drinking water related

disease and in England and Wales. Journal of water and health. 2009; 7(1):1–8. Epub 2008/10/30. doi:

10.2166/wh.2009.143 PMID: 18957770

3. Thomas KM, Charron DF, Waltner-Toews D, Schuster C, Maarouf AR, Holt JD. A role of high impact

weather events in waterborne disease outbreaks in Canada, 1975–2001. International journal of envi-

ronmental health research. 2006; 16(3):167–80. Epub 2006/04/14. doi: 10.1080/09603120600641326

PMID: 16611562

4. Drayna P, McLellan SL, Simpson P, Li SH, Gorelick MH. Association between rainfall and pediatric

emergency department visits for acute gastrointestinal illness. Environmental health perspectives.

2010; 118(10):1439–43. Epub 2010/06/03. PubMed Central PMCID: PMCPMC2957926. doi: 10.1289/

ehp.0901671 PMID: 20515725

5. Harper SL, Edge VL, Schuster-Wallace CJ, Berke O, McEwen SA. Weather, water quality and infec-

tious gastrointestinal illness in two Inuit communities in Nunatsiavut, Canada: potential implications for

climate change. EcoHealth. 2011; 8(1):93–108. Epub 2011/07/26. doi: 10.1007/s10393-011-0690-1

PMID: 21785890

6. Singh RB, Hales S, de Wet N, Raj R, Hearnden M, Weinstein P. The influence of climate variation and

change on diarrheal disease in the Pacific Islands. Environmental health perspectives. 2001; 109

(2):155–9. Epub 2001/03/27. PubMed Central PMCID: PMCPMC1240636. PMID: 11266326

7. Elder D, Budd GC. Overview of Water Treatment Processes. In: Edzwald JK, editor. Water Quality &

Treatment: A Handbook on Drinking Water. Sixth ed: American Water Works Association; 2011.

8. Weniger BG, Blaser MJ, Gedrose J, Lippy EC, Juranek DD. An outbreak of waterborne giardiasis asso-

ciated with heavy water runoff due to warm weather and volcanic ashfall. American journal of public

health. 1983; 73(8):868–72. Epub 1983/08/01. PubMed Central PMCID: PMCPMC1651114. PMID:

6869640

9. Aramini J, McLean M, Wilson J, Holt J, Copes R, Allen B, et al. Drinking water quality and health-care

utilization for gastrointestinal illness in greater Vancouver. Canada communicable disease report =

Releve des maladies transmissibles au Canada. 2000; 26(24):211–4. Epub 2001/02/24. PMID:

11211600

10. Rose JB, Epstein PR, Lipp EK, Sherman BH, Bernard SM, Patz JA. Climate variability and change in

the United States: potential impacts on water- and foodborne diseases caused by microbiologic agents.

Environmental health perspectives. 2001; 109 Suppl 2:211–21. Epub 2001/05/22. PubMed Central

PMCID: PMCPMC1240668.

11. Beaudeau P, Schwartz J, Levin R. Drinking water quality and hospital admissions of elderly people for

gastrointestinal illness in Eastern Massachusetts, 1998–2008. Water research. 2014; 52C:188–98.

Epub 2014/02/04.

12. Beaudeau P, Zeghnoun A, Corso M, Lefranc A, Rambaud L. A time series study of gastroenteritis and

tap water quality in the Nantes area, France, 2002–2007. Journal of exposure science & environmental

epidemiology. 2014; 24(2):192–9. Epub 2013/02/28.

13. Hsieh JL, Nguyen TQ, Matte T, Ito K. Drinking water turbidity and emergency department visits for gas-

trointestinal illness in New York City, 2002–2009. PloS one. 2015; 10(4):e0125071. Epub 2015/04/29.

PubMed Central PMCID: PMCPMC4412479. doi: 10.1371/journal.pone.0125071 PMID: 25919375

14. Mann AG, Tam CC, Higgins CD, Rodrigues LC. The association between drinking water turbidity and

gastrointestinal illness: a systematic review. BMC public health. 2007; 7:256. Epub 2007/09/25.

PubMed Central PMCID: PMCPMC2174477. doi: 10.1186/1471-2458-7-256 PMID: 17888154

Gastrointestinal illness and rainfall by water source

PLOS ONE | DOI:10.1371/journal.pone.0173794 March 10, 2017 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/11499103
http://dx.doi.org/10.2166/wh.2009.143
http://www.ncbi.nlm.nih.gov/pubmed/18957770
http://dx.doi.org/10.1080/09603120600641326
http://www.ncbi.nlm.nih.gov/pubmed/16611562
http://dx.doi.org/10.1289/ehp.0901671
http://dx.doi.org/10.1289/ehp.0901671
http://www.ncbi.nlm.nih.gov/pubmed/20515725
http://dx.doi.org/10.1007/s10393-011-0690-1
http://www.ncbi.nlm.nih.gov/pubmed/21785890
http://www.ncbi.nlm.nih.gov/pubmed/11266326
http://www.ncbi.nlm.nih.gov/pubmed/6869640
http://www.ncbi.nlm.nih.gov/pubmed/11211600
http://dx.doi.org/10.1371/journal.pone.0125071
http://www.ncbi.nlm.nih.gov/pubmed/25919375
http://dx.doi.org/10.1186/1471-2458-7-256
http://www.ncbi.nlm.nih.gov/pubmed/17888154


15. Schwartz J, Levin R, Goldstein R. Drinking water turbidity and gastrointestinal illness in the elderly of

Philadelphia. Journal of epidemiology and community health. 2000; 54(1):45–51. Epub 2000/02/29.

PubMed Central PMCID: PMCPMC1731533. doi: 10.1136/jech.54.1.45 PMID: 10692962

16. Tinker SC, Moe CL, Klein M, Flanders WD, Uber J, Amirtharajah A, et al. Drinking water turbidity and

emergency department visits for gastrointestinal illness in Atlanta, 1993–2004. Journal of exposure sci-

ence & environmental epidemiology. 2010; 20(1):19–28. Epub 2008/10/23. PubMed Central PMCID:

PMCPMC3752848.

17. LeChevallier M, Besner M, Friedman M, Speight V. Microbiological Quality Control in Distribution Sys-

tems. In: Edzwald JK, editor. Water Quality & Treatment: A Handbook on Drinking Water. Sixth ed:

American Water Works Association; 2011.

18. CDC. Surveillance for waterborne disease outbreaks associated with drinking water and other nonre-

creational water—United States, 2009–2010. MMWR Morbidity and mortality weekly report. 2013; 62

(35):714–20. Epub 2013/09/06. PMID: 24005226

19. Wallender EK, Ailes EC, Yoder JS, Roberts VA, Brunkard JM. Contributing factors to disease outbreaks

associated with untreated groundwater. Ground water. 2014; 52(6):886–97. Epub 2013/10/15. doi: 10.

1111/gwat.12121 PMID: 24116713

20. Borchardt MA, Spencer SK, Kieke BA, Lambertini E, Loge FJ. Viruses in nondisinfected drinking water

from municipal wells and community incidence of acute gastrointestinal illness. Environmental health

perspectives. 2012; 120(9):1272–9. Epub 2012/06/05. PubMed Central PMCID: PMCPMC3440111.

doi: 10.1289/ehp.1104499 PMID: 22659405

21. Murphy HM, Pintar KD, McBean EA, Thomas MK. A systematic review of waterborne disease burden

methodologies from developed countries. Journal of water and health. 2014; 12(4):634–55. Epub 2014/

12/05. doi: 10.2166/wh.2014.049 PMID: 25473972

22. IPCC. Climate Change 2014: Impacts, Adaptations, and Vulnerability. Cambridge, UK and New York,

NY, USA: Intergovernmental Panel on Climate Change, 1 WG; 2014 Contract No.: 4.

23. Guzman Herrador BR, de Blasio BF, MacDonald E, Nichols G, Sudre B, Vold L, et al. Analytical studies

assessing the association between extreme precipitation or temperature and drinking water-related

waterborne infections: a review. Environmental health: a global access science source. 2015; 14:29.

Epub 2015/04/18. PubMed Central PMCID: PMCPMC4391583.

24. Navidi W. Bidirectional case-crossover designs for exposures with time trends. Biometrics. 1998; 54

(2):596–605. Epub 1998/06/18. PMID: 9629646

25. Fung KY, Krewski D, Chen Y, Burnett R, Cakmak S. Comparison of time series and case-crossover

analyses of air pollution and hospital admission data. International journal of epidemiology. 2003; 32

(6):1064–70. Epub 2003/12/19. PMID: 14681275

26. Navidi W, Thomas D, Langholz B, Stram D. Statistical methods for epidemiologic studies of the health

effects of air pollution. Res Rep Health Eff Inst. 1999;(86):1–50; discussion 1–6. Epub 1999/08/31.

PMID: 10465799

27. PHASE. Technical Backgroud Report: Case-Crossover Analysis of Acute Health Effects and Ambient

Air Quality for Environmental Public Health Tracking. NYSDOH, 2007.

28. Li S, Batterman S, Wasilevich E, Wahl R, Wirth J, Su FC, et al. Association of daily asthma emergency

department visits and hospital admissions with ambient air pollutants among the pediatric Medicaid pop-

ulation in Detroit: Time-series and time-stratified case-crossover analyses with threshold effects. Envi-

ronmental research. 2011. Epub 2011/07/19.

29. NCEI. Global surface summary of the day (GSOD). In: National Centers for Environmental Information,

editor. Asheville, NC2014.

30. Office of the New Jersey State Climatologist. The Climate of New Jersey. 2015. Available: http://

climate.rutgers.edu/stateclim/?section=njcp&target=NJCoverview

31. NJDEP. Water Purveyor Service Areas (1998 Public Community) 2015. Available from: http://www.

state.nj.us/dep/gis/stateshp.html#WATPUR.

32. NJDEP. New Jersey Drinking Water Watch. 2015. Available: https://www9.state.nj.us/DEP_

WaterWatch_public/

33. USEPA, Monitoring Unregulated Drinking Water Contaminants Third Unregulated Contaminant Moni-

toring Rule. 2015 Available: https://www.epa.gov/dwucmr/third-unregulated-contaminant-monitoring-

rule

34. U.S. Census Bureau. American FactFinder. 2015. Available: http://factfinder.census.gov/faces/nav/jsf/

pages/index.xhtml

35. Colford JM Jr., Roy S, Beach MJ, Hightower A, Shaw SE, Wade TJ. A review of household drinking

water intervention trials and an approach to the estimation of endemic waterborne gastroenteritis in the

United States. Journal of water and health. 2006; 4 Suppl 2:71–88. Epub 2006/08/10.

Gastrointestinal illness and rainfall by water source

PLOS ONE | DOI:10.1371/journal.pone.0173794 March 10, 2017 12 / 13

http://dx.doi.org/10.1136/jech.54.1.45
http://www.ncbi.nlm.nih.gov/pubmed/10692962
http://www.ncbi.nlm.nih.gov/pubmed/24005226
http://dx.doi.org/10.1111/gwat.12121
http://dx.doi.org/10.1111/gwat.12121
http://www.ncbi.nlm.nih.gov/pubmed/24116713
http://dx.doi.org/10.1289/ehp.1104499
http://www.ncbi.nlm.nih.gov/pubmed/22659405
http://dx.doi.org/10.2166/wh.2014.049
http://www.ncbi.nlm.nih.gov/pubmed/25473972
http://www.ncbi.nlm.nih.gov/pubmed/9629646
http://www.ncbi.nlm.nih.gov/pubmed/14681275
http://www.ncbi.nlm.nih.gov/pubmed/10465799
http://climate.rutgers.edu/stateclim/?section=njcp&amp;target=NJCoverview
http://climate.rutgers.edu/stateclim/?section=njcp&amp;target=NJCoverview
http://www.state.nj.us/dep/gis/stateshp.html#WATPUR
http://www.state.nj.us/dep/gis/stateshp.html#WATPUR
https://www9.state.nj.us/DEP_WaterWatch_public/
https://www9.state.nj.us/DEP_WaterWatch_public/
https://www.epa.gov/dwucmr/third-unregulated-contaminant-monitoring-rule
https://www.epa.gov/dwucmr/third-unregulated-contaminant-monitoring-rule
http://factfinder.census.gov/faces/nav/jsf/pages/index.xhtml
http://factfinder.census.gov/faces/nav/jsf/pages/index.xhtml


36. Messner M, Shaw S, Regli S, Rotert K, Blank V, Soller J. An approach for developing a national esti-

mate of waterborne disease due to drinking water and a national estimate model application. Journal of

water and health. 2006; 4 Suppl 2:201–40. Epub 2006/08/10.

37. White AN, Kinlin LM, Johnson C, Spain CV, Ng V, Fisman DN. Environmental determinants of campylo-

bacteriosis risk in Philadelphia from 1994 to 2007. EcoHealth. 2009; 6(2):200–8. Epub 2009/12/03. doi:

10.1007/s10393-009-0246-9 PMID: 19953295

38. Schwartz J, Levin R, Hodge K. Drinking water turbidity and pediatric hospital use for gastrointestinal ill-

ness in Philadelphia. Epidemiology (Cambridge, Mass). 1997; 8(6):615–20. Epub 1997/11/05.

39. Febriani Y, Levallois P, Gingras S, Gosselin P, Majowicz SE, Fleury MD. The association between farm-

ing activities, precipitation, and the risk of acute gastrointestinal illness in rural municipalities of Quebec,

Canada: a cross-sectional study. BMC public health. 2010; 10:48. Epub 2010/02/02. PubMed Central

PMCID: PMCPMC2834625. doi: 10.1186/1471-2458-10-48 PMID: 20113516

40. Teschke K, Bellack N, Shen H, Atwater J, Chu R, Koehoorn M, et al. Water and sewage systems,

socio-demographics, and duration of residence associated with endemic intestinal infectious diseases:

a cohort study. BMC public health. 2010; 10:767. Epub 2010/12/18. PubMed Central PMCID:

PMCPMC3022849. doi: 10.1186/1471-2458-10-767 PMID: 21162734

41. Uejio CK, Yale SH, Malecki K, Borchardt MA, Anderson HA, Patz JA. Drinking Water Systems, Hydrol-

ogy, and Childhood Gastrointestinal Illness in Central and Northern Wisconsin. American journal of pub-

lic health. 2014. Epub 2014/02/15.

42. Tornevi A, Barregard L, Forsberg B. Precipitation and primary health care visits for gastrointestinal ill-

ness in gothenburg, sweden. PloS one. 2015; 10(5):e0128487. Epub 2015/05/29. PubMed Central

PMCID: PMCPMC4447281. doi: 10.1371/journal.pone.0128487 PMID: 26020929

Gastrointestinal illness and rainfall by water source

PLOS ONE | DOI:10.1371/journal.pone.0173794 March 10, 2017 13 / 13

http://dx.doi.org/10.1007/s10393-009-0246-9
http://www.ncbi.nlm.nih.gov/pubmed/19953295
http://dx.doi.org/10.1186/1471-2458-10-48
http://www.ncbi.nlm.nih.gov/pubmed/20113516
http://dx.doi.org/10.1186/1471-2458-10-767
http://www.ncbi.nlm.nih.gov/pubmed/21162734
http://dx.doi.org/10.1371/journal.pone.0128487
http://www.ncbi.nlm.nih.gov/pubmed/26020929

