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A B S T R A C T   

Heavy rainfall is associated with increased risk of waterborne disease. However, it is not known whether the risk 
increment differs between wet and dry regions. We examined this question in New Zealand, which has a wide 
geographical variation of annual rainfall totals (10th–90th percentile difference ≥3000 mm). 

We conducted a nested case-crossover study within a prospective child cohort (born in 2009–2010) for 
assessing transient health effects when modified by longitudinal exposures to rainfall. Short-term heavy rainfall 
effects on hospitalizations due to enteric bacterial and viral infectious causes at lag of 0–14 days were assessed 
using a Cox regression model adjusted for daily temperature, relative humidity and evapotranspiration. We 
derived quantiles of time-weighted long-term rainfall levels at the children’s homes and these were added as an 
interaction term to the short-term effect model. 

Hospitalization risks were higher two days after heavy rainfall days (hazard ratio [95% confidence interval]: 
1.73 [1.10–2.70]). The lowest-observable-adverse-effect-level was detected at the 94th percentile of daily rainfall 
total. Hospital admissions 1–2 days after heavy rainfall increased most in locations with the lowest and highest 
long-term rainfall. An interaction of this kind between short-term weather and long-term climate has not been 
reported previously. It is relevant to climate change risk assessments given global projections of increasing in-
tensity of precipitation, against a background of more severe, and possibly more frequent, droughts and flooding.   

1. Introduction 

Global climate change is projected to increase daily extreme rainfall 
(Donat et al., 2016). We hypothesize that this is likely to increase surface 
runoff most markedly in locations that are relatively wet or unusually 
dry. Soil infiltration capacity is reduced in wet soil saturated by rain-
water; on the other hand, very dry soil is relatively water-repellent 
(Doerr et al., 2000). The intensity of surface run-off may affect human 
exposure to waterborne pathogens in various ways (Drayna et al., 2010). 
Rapid surface runoff may mix with urban household sewage in dual 
purpose storm sewers, leading to contamination of storm water outlets 
with enteric pathogens (de Man et al., 2014). Indeed, epidemiological 
studies at ecologic- and individual-level have found the short-term as-
sociations between heavy rainfall and increased risk of waterborne 

diseases among different age groups in different continents. These 
include Asian children under five years old in Hong Kong (Wang et al., 
2018) and in rural villages in India (Mertens et al., 2019), all age groups 
in New Jersey in US (Gleason and Fagliano 2017), and Nordic general 
populations in Europe (Guzman et al., 2016). 

However, none of these studies have tested if the short-term risks of 
waterborne diseases could be varied under the influence of wet and dry 
local climate. We aim to fill this gap by assessing transient rainfall effects 
on childhood risks of waterborne diseases at individual-level using a 
case-crossover study nested within a child cohort study that provides 
longitudinal information on residential locations. This hybrid study 
design allows us to assess the short-term association as well as its in-
teractions with long-term exposure to wet or dry residential locations in 
young children. 
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2. Method 

We applied a nested case-crossover study within a child cohort, as 
first proposed by Sorock et al. (2001), to evaluate individual-level 
transient risk factors and effect modification by a long-term character-
istic of the local area of residence. The case-crossover method is regar-
ded as an alternative to time-series analyses: the key advantage is that 
potential confounding is managed by design rather than by statistical 
modelling as each case acts as their own control, thereby controlling for 
time-invariant personal factors (Lu and Zeger 2007). As in a matched 
case-control study, the statistical inference is based on comparison of 
exposures rather than the risk of disease. 

The Growing Up in New Zealand (GUiNZ) child cohort study (Morton 
et al., 2013) recruited 6822 pregnant women resident within a 
geographical region defined by three contiguous District Health Board 
regions in New Zealand (Auckland, Counties-Manukau and Waikato). 
The cohort consists of 6853 children born during 2009–2010, repre-
senting approximately 11% of the national births over the recruitment 
period (Morton et al., 2013). The cohort is broadly generalizable to the 
contemporary national birth cohort (Morton et al., 2015). Data 
regarding the cohort children were collected through face-to-face and 
telephone interviews with their parents. Residential mobility was 
assessed by geocoding of the home addresses collected in five data 
collection time points: antenatal period (the third trimester of the 
mother’s pregnancy 2008–2010), and at ages 9, 24, 45 and 54 months. 

Using the unique National Health Index (NHI) number, we estab-
lished linkage between the GUiNZ child cohort and hospital records 
from the New Zealand Ministry of Health National Minimum Dataset 
(Ministry of Health, 2019). We selected hospital admissions for water-
borne enteric diseases up to age 5 years. We included intestinal infec-
tious diseases (A00-A09), which included E. coli and campylobacter 
(ICD-10: A04), rotaviral- and other gastro-enteritis (A08, A09) (WHO, 
2017). We also included streptococcal (A40) and staphylococcal (A41) 
(Hou et al., 2018), chlamydial bacterial infections (non-sexually trans-
mitted types: A70-A74) (Lienard et al., 2016), and other potential 
waterborne-related viral infections (B25) (Gall et al., 2015) and those of 
unspecified sites (B34) (Jagai et al., 2014; Amuakwa-Menash et al., 
2017), as well as non-gastrointestinal bacterial/viral infections (B95- 
B97) (WHO, 2017). We have taken an inclusive approach, using a 
definition beyond the most obvious and common diseases, such as 
including B34, to include as far as possible the many pathogens that are 
not yet well-characterised (Leclerc et al., 2002) or for other reasons are 
not readily detectable, or in any event are not on the current list of 
standard indicators for drinking water monitoring (Theron and Cloete 
2002). Both the principal and/or secondary causes of hospitalization 
due to these enteric diseases were included in the analysis. 

In order to reduce spatiotemporal errors with respect to local cli-
matic variability (Levy et al., 2019), we used weather stations that are 
representing the local climate of the children’s homes. We used cluster 
analysis (average linkage method) to aggregate all home locations of 
children before 54 months of age into 100 clusters. At the centroid point 
of each cluster, we derived mean daily time series of rainfall total (mm), 
temperature (◦C), relative humidity (%) and evapotranspiration total 
(mm) from the Virtual Climate Station Network (VCSN) grid (5 km) in 
2009–2015 (https://data.niwa.co.nz/). These estimates are a significant 
improvement over using data from distant stations that may not be in 
the same climatic zone (Tait et al., 2012). Then we searched for dates of 
first-time hospital admissions due to waterborne enteric disease, and 
matched these to the daily weather data at the cluster based on home 
addresses at interview. Where children had moved address between 
interviews, we used the mid-point between interviews as the cutoff for 
change of address (Lai et al., 2017). 

To assess the individual-level short-term association between heavy 
rainfall and hospital admission, we used time-stratified case-crossover 
analysis in Cox proportional hazard models. The exposure for cases was 
defined as rainfall on or before the day of admission; exposure for 

controls was defined as rainfall on the same day of the week(s) adjacent 
to the admission week. Since the case serves as his or her own control, 
this analysis is not confounded by individual-level factors that do not 
vary within a short period. To avoid using a control period when the case 
was not born yet, days on or before birthdays were excluded from the 
selection of control periods. We defined heavy-rainfall dates in each 
cluster when the mean daily rainfall totals were at or above Pth 

percentile among all clusters from 2009 to 2015, where P ranged from 
90th to 99th. We determined the lowest-observable-adverse-effect level 
(LOAEL) of heavy rainfall based on this range. We also determined the 
optimal model effect level based on Maddala R2 statistics (M), a pseudo- 
R2, which allows comparison of goodness-of-fit across similar models in 
different sample sizes without quantifying the proportion of variation 
explained by the independent variables (Allison, 1995; Veall and Zim-
mermann, 1996): 

M = 1 − e− (L
n)

where L is the difference in − 2log likelihood for the null model without 
covariate and the fitted model with covariate(s), n is the sample size. 

Based on the same statistics, we also determined W, the number of 
week(s) from the admission week to be used for control day(s), where W 
ranged from 1 to 8 week(s). Based on statistical significant difference 
from the unity, we determined the best lag from lags of 0 to 14 days, and 
then determined the best lag range from all the combinations of ±2 days 
from the best lag day. All analyses have been adjusted for potential 
short-term confounding variables including daily average temperature, 
relative humidity (Wang et al., 2018) and daily total evapotranspiration 
which is related to soil dryness (Zhao et al., 2019). 

To assess potential differences between the short-term associations 
among the dry and wet areas, we derived quantiles of long-term rainfall 
levels at the children’s homes and then added this as an interaction term 
to the final model with the best lag range and model parameters ob-
tained from the above analyses. We extracted median annual rainfall 
map grid data (500 m) in 1981–2010 (Tait et al., 2012) at child home 
locations to obtain the residential annual rainfall total (mm) in each data 
collection wave. Then we estimated the time-weighted long-term 
average exposure (Lai et al., 2017) from the birth year up to the first- 
time hospital admission year. We transformed this long-term exposure 
variable into quintiles and tertiles for analysis of the interaction effects. 

All data analyses were conducted using SAS 9.4 (SAS Institute, Cary, 
NC, U.S.A.). Growing Up in New Zealand received ethical approval from 
the Ministry of Health Northern Y Regional Ethics Committee (NTY/08/ 
06/055). Written informed consent for data collection and data linkage 
was obtained from parents of all cohort children. 

3. Results 

Among all the cluster centroids, daily rainfall totals (mm) between 
2009 and 2015 ranged from 10.5 (90th percentile), to 16.3 (94th), 18.6 
(95th), 21.4 (96th), and 43.8 (99th). The maximum value was 274.7 mm 
in one day. There were 5469 children who had home location data and 
hospital records linked by their provided NHI numbers before age five 
years. Among them, there were 796 who had a first-time hospitalization 
due to waterborne enteric diseases and were included in the case 
crossover analysis. 

Waterborne disease hospitalization was associated with heavy rain-
fall 2 days before the admission date (Hazard ratios 1.727 [1.103 to 
2.703]) (Fig. 1). Other lag days were not statistically significant except 
the opposite effect on 3-day lag (0.557 [0.319 to 0.973]). 

The LOAEL was found at the 94th percentile of daily rainfall total 
(1.481 [1.026 to 2.137]). Effects were observed at the 95th (1.527 
[1.015 to 2.297]), 96th (1.727 [1.103 to 2.703]), 97th (1.824 [1.093 to 
3.045]) and 98th percentile (1.978 [1.033 to 3.787]) (Fig. 2). 

Among all the combinations within ± 2 day range from the 2-day lag, 
the short-term association between first-time hospital admissions and 
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rainfall days was strongest with 1–2 and 0–2 day lags at the LOAEL 
(1.243 [0.985 to 1.569] p = 0.067 and 1.222 [1.015 to 1.472] p =
0.034). 

We found the optimal model fit when (i) uni-directionally applying 
two control days from the previous two weeks (on the same day of the 
week as the case day) (Suppl 1), (ii) the 96th percentile to define heavy 
rainfall day (Suppl 2), and (iii) the first two causes of hospitalization to 
define the outcome (Suppl 3). Short-term associations at 1–2 and 0–2 
days lag were (1.274 [0.956 to 1.698] p = 0.098 and 1.229 [0.980 to 
1.540] p = 0.074) (Fig. 3). 

In interaction analyses (on 1–2 and 0–2 day lag), when compared 
with the overall hazard ratios without interactions (Fig. 3), we observed 
more hospitalizations among the children living in locations with the 
highest quintiles or tertiles of long-term rainfall (Table 1). In the LOAEL 
models, we also observed more hospitalizations for children in the 
lowest quintiles but not among the lowest tertiles (Table 1). 

4. Discussion 

Heavy rainfall was associated with first-time pediatric hospitaliza-
tions for enteric bacterial or viral infections, and the association was 
strongest amongst children living in dry and wet areas. Overall, there 
was a 60% increase in hospitalizations 1–2 days after heavy rainfall. 
Heavy rainfall in dry and wet locations could increase surface run-off 
that mobilizes and transports pathogens into water, resulting in higher 
risks of waterborne diseases as compared with the risks in locations with 
moderate rainfall where topsoil absorbs rainwater more readily. Pro-
longed drought could cause soil hydrophobicity while prolonged wet 
conditions that could cause water saturation in soil (Doerr et al., 2000). 
While soil water saturation phase depends on local topography (Crave 
and Gascuel-Odoux 1997), dry-soil impermeability phase depends more 
on soil types (Hewelke et al., 2018). 

In New Zealand, drinking water supplies are tested against bacteri-
ological, protozoal and chemical standards. In 2016 to 2017, 19% of the 
population was served by supplies that were not fully compliant with 
these standards. (Ministry of Health 2018). Moreover, treatment 
methods, including filtration, flocculation, UV light exposure, ozonation 
and chlorination, cannot guarantee that microbial contaminants are 
fully removed from drinking water (Ministry for the Environment, 
2008). 

Therefore, in our analysis, we included all opportunistic bacterial 
and viral agents specific to enteric waterborne diseases in an inclusive 
way. Since the infective doses of many potential waterborne pathogenic 
agents are still unknown (Leclerc et al., 2002), we also included viral 
infections on unspecified sites (B34) under the enteric disease category. 

Comparable population studies on the short-term effects of heavy 
rainfall on enteric infection risks have been reported elsewhere. In Hong 
Kong, Wang et al. (2018) reported 66% increase in norovirus hospital-
izations on 0–5 day lag after heavy rainfall (≥34.1 mm). In USA, Drayna 
et al. (2010) found an 11% increase in acute gastrointestinal emergency 
department visits on 4-day lag after heavy rainfall (≥25.4 mm) and has 
summarized other population studies that showed positive associations 
with enteric illnesses on 1, 1–2, 2–3 and 4 day lag. In our study, the 
observed 27% and 23% increase in childhood hospitalizations in 1–2 
and 0–2 day lag at the optimal model effect level (≥21.4 mm) are 
consistent with these previous studies. 

We also observed on 3 day lag a smaller opposite effect following a 
larger adverse effect on 2 day lag (Net excess risk: +28%, Fig. 1), indi-
cating hospital admissions appeared to be displaced from occurring by 
the previous day (a brief temporal advancement of admissions), a 
pattern consistent with a “harvesting” effect, which is not seen as a 
protective effect of the environmental hazard (Schwartz et al., 2004). 
Harvesting effects have been observed in the temporal climatic effects 
on heart disease hospitalizations (Schwartz et al., 2004) as well as on 
infectious disease mortality (Lytras et al., 2019) but not among enteric 
illnesses. Nevertheless, the net increase in hospital admissions in 2 and 3 
day lags in our study may also indicate a larger effect on less severe 
enteric diseases not needing admissions. 

Our method to find the cutoff percentile to define heavy rainfall day 
(among all geographical clusters in 2009–2015) within the range of 90th 

to 99th percentile (Suppl 2) is supported by other short-term effect 
studies. Carlton et al. (2014) and Gleason and Fagliano (2017) found 
that rainfall events ≥90th percentile increased the risk of diarrhea 
incidence in Ecuador and gastrointestinal illness hospitalization in USA 
by a factor of 1.4 and 1.1 respectively. Thomas et al. (2006) found that 
rainfall events ≥93rd percentile increased the risk of a waterborne dis-
ease outbreak in Canada by a factor of 2.3. In USA, Drayna et al. (2010) 
and Jagai et al. (2015) found that ≥95th and ≥99th percentile increased 
the risk of acute gastrointestinal illness emergency visits by a factor of 
1.1. These studies with similar definitions for heavy rainfall also re-
ported risk factors with similar magnitude to our findings. 

Our method to select the optimal model by varying the number of 
neighbouring weeks for control days was uni- or bi-directional (Suppl 1), 

Fig. 1. Adverse effect of heavy rainfall on waterborne enteric disease hospital 
admissions with a 2-day lag is the strongest. Y-axis represents childhood risk 
(hazard ratio, 95% confidence interval) of having waterborne enteric disease 
hospitalization on or after the heavy rainfall days (up to 14 days). In all models, 
we used the same weekday in the previous two weeks as control days (Suppl 1); 
the optimal model effect level (≥96th percentile) to define heavy rainfall (Suppl 
2) and the first two causes of hospitalization (Suppl 3). 

Fig. 2. The lowest-observable-adverse-effect-level (LOAEL) of rainfall on 
waterborne enteric disease hospital admissions is the 94th percentile of daily 
rainfall total. Black solid curve represents the hazard ratio (95% confidence 
interval in grey area) of having waterborne enteric disease hospitalization due 
to rainfall day with daily total from ≥90th to ≥99th percentile. In all models, we 
used 2-day lag (Fig. 1), same weekday on the previous two weeks for control 
days (Suppl 1), and the first two causes of hospitalization (Suppl 3). 
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consistent with other recent case-crossover studies. Nichols et al. (2009) 
selected four control days (from four weeks before the case day). Glea-
son and Fagliano (2017) selected two control days (before and after the 
case day). Jagai et al. (2017) assigned two control days on the same day 
of the week before and/or after the case day within the same month. 

Our use of the second diagnosis in addition to the principal diagnosis 
to define the outcome (Suppl 3) includes enteric illness as the secondary 
cause of hospitalization due to undefined etiologic and physiologic 
pathways (Arndt and Walson 2018), as well as enteric illness co- 
morbidities (e.g. pediatric genitourinary symptoms as reported by 
Malykhina et al., 2017) that were judged as the primary diagnosis 
(Kowalzik et al., 2018). 

Some limitations need to be taken into account when interpreting 
our findings. First, there is lack of diagnosis for waterborne enteric 
disease infections especially for viral causes. The selected causes of 
hospitalization we report here are based on other epidemiological 
studies of waterborne enteric diseases. Second, the use of weather esti-
mates for rainfall exposure of individuals is only an indicative measure 
of the local climate likely exposed by the individuals. We assumed the 
use of residential locations of young children is a good proxy of their 
weather exposures. Third, there is lack of control for drinking water 
sources and the local treatment methods. We assumed the drinking 
water of individual was supplied from local water source that has the 
same local climate as in the individual’s home and all water treatment 
methods to eliminate enteric pathogens are limited by heavy or extreme 
rainfall events. 

From a natural hazard management perspective, mitigation and 
emergency plans to reduce the impact of extreme rainfall have been in 
place in New Zealand since 2002 when the Civil Defence Emergency 
Management Act became effective. The threshold for severe weather 
warning is issued by MetService when the rainfall over an area of ≥
1000 km2 is expected to exceed 100 mm within the next 24 h or 50 mm 
within the next 6 h (Ministry of Civil Defence & Emergency Management 

2010). The issue of the warning forecast provides local councils with 
timely information to prepare natural hazard emergency actions to 
reduce the potential risks to human life, damage to buildings and 
infrastructure, and loss of crops and livestock. The Ministry of Civil 
Defence & Emergency Management recommends disposal of floodwater- 
contaminated food and drinking water (e.g. from wells), disinfection of 
food utensils and tap water (Ministry of Civil Defence & Emergency 
Management 2010). 

The first National Climate Change Risk Assessment for New Zealand 
identifies risks to potable water supplies as one of the ten most signifi-
cant and urgent challenges for the country (Ministry for the Environ-
ment 2020). The Risk Assessment points to the need for better 
information on vulnerability, including which supplies are most 
affected, and when disruption is likely to occur. The Assessment echoes 
the recommendations of the Havelock North Inquiry (Government In-
quiry into Havelock North Drinking Water 2017) for closer collaboration 
between public health, water suppliers and central authorities to pre-
pare and implement emergency response plans. This includes the issuing 
of precautionary boil-water notices. The findings of this study support 
the findings of the Risk Assessment since they contribute to a better 
understanding of the populations most affected by waterborne in-
fections, and the circumstances in which outbreaks may occur. We 
conclude that further steps are required to protect public health, as 
adverse effects on young children were apparent after rainfall well 
below the Met Service threshold for a severe weather warning (the 94th 

percentile in the LOAEL model was 16.3 mm in 24 h). 

5. Conclusion 

In this study we find that the risk for young children of hospitaliza-
tion for waterborne diseases is increased in the days immediately 
following heavy rainfall. Moreover, the risk is modified by long-term 
rainfall, with the strongest effects at locations in the highest and 
lowest quintiles. This indication of an interaction between short-term 
weather and long-term climate is important given projections under 
global warming of a greater intensity of precipitation, against a 

Table 1 
Analysis of the interaction effect of residential long-term rainfall on the asso-
ciation between heavy rainfall day and first-time waterborne enteric disease 
hospitalization (Hazard ratios 95% confidence interval).  

Long-term 
rainfall 

94th P 
Lag 1–2 

94th P 
Lag 0–2 

96th P 
Lag 1–2 

96th P 
Lag 0–2 

Quintile Q1 1.609 
(1.026, 
2.523) 

1.441 
(1.008, 
2.060) 

1.690 (0.893, 
3.198) 

1.387 (0.851, 
2.260) 

Q2 0.995 (0.575, 
1.723) 

1.022 (0.668, 
1.562) 

0.869 (0.449, 
1.682) 

0.998 (0.600, 
1.660) 

Q3 0.766 (0.416, 
1.409) 

0.887 (0.553, 
1.423) 

0.666 (0.299, 
1.482) 

0.868 (0.492, 
1.530) 

Q4 1.100 (0.637, 
1.900) 

1.080 (0.689, 
1.692) 

0.997 (0.456, 
2.176) 

1.002 (0.550, 
1.825) 

Q5 1.631 
(1.070, 
2.488) 

1.562 
(1.109, 
2.199) 

2.028 
(1.278, 
3.217) 

1.721 
(1.178, 
2.513)  

ΔSE +0.1923 +0.1461 +0.2613 +0.1742  

Tertile T1 1.310 (0.898, 
1.910) 

1.261 (0.937, 
1.697) 

1.200 (0.723, 
1.990) 

1.182 (0.802, 
1.742) 

T2 0.814 (0.508, 
1.305) 

0.903 (0.628, 
1.299) 

0.696 (0.375, 
1.290) 

0.875 (0.561, 
1.366) 

T3 1.555 
(1.095, 
2.208) 

1.470 
(1.102, 
1.962) 

1.865 
(1.241, 
2.782) 

1.591 
(1.139, 
2.222)  

ΔSE +0.0603 +0.0523 +0.0613 +0.0553 

Statistically significant results at α < 0.05 are shown in bold. ΔSE is the change of 
standard error of the heavy rainfall day from model without interaction to model 
with the interaction. 

Fig. 3. The associations between waterborne enteric disease hospital admis-
sions and rainfall days were the strongest on lag 0–2 and 1–2 day among all ±2 
day ranges from the best lag day. Y-axis represents childhood risk (hazard ratio, 
95% confidence interval) of having waterborne enteric disease hospitalization 
on ±2 day range from the best lag day (lag 2, Fig. 1). Black and white square 
respectively represent hazard ratio at the LOAEL (94th percentile, Fig. 2) and 
the optimal model effect level (96th percentile, Suppl. 2). *p-value <0.10. In all 
models, we used the same weekday on the previous two weeks for control days 
(Suppl 1), and the first two causes of hospitalization (Suppl 3). 
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background of increasing incidence and severity of droughts and 
flooding. The effects on child health world-wide are likely to be 
considerable, given diarrheal diseases are already a leading cause of 
morbidity and mortality. We note also that hospitalizations, the focus of 
this study, include only a small fraction of all episodes of enteric disease 
among children. 
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Kowalzik, F., Binder, H., Zöller, D., Riera-Montes, M., Clemens, R., Verstraeten, T., 
Zepp, F., 2018. Norovirus gastroenteritis among hospitalized patients, Germany, 
2007–2012. Emerg. Infect. Dis. 24, 2021–2028. 

Lai, H.K., Berry, S.D., Verbiest, M.E.A., Tricker, P.J., Atatoa Carr, P.E., Morton, S.M.B., 
Grant, C.C., 2017. Emergency department visits of young children and long-term 
exposure to neighbourhood smoke from household heating. the Growing Up in New 
Zealand child cohort study. Environ. Pollut. 231, 533–540. 

Leclerc, H., Schwartzbrod, L., Dei-Cas, E., 2002. Microbial agents associated with 
waterborne diseases. Critical Rev. Microbiol. 28, 371–409. 

Levy, M.C., Collender, P.A., Carlton, E.J., Chang, H.H., Strickland, M.J., Eisenberg, J.N. 
S., Remais, J.V., 2019. Spatiotemporal error in rainfall data: consequences for 
epidemiologic analysis of waterborne diseases. Am. J. Epidemiol. 188, 950–959. 
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