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Floods of unprecedented intensity and frequency have been observed.
However, evidence regarding the impacts of floods on hospitalization
remains limited. Here we collected daily hospitalization counts during
2000-2019 from 747 communities in Australia, Brazil, Canada, Chile,

New Zealand, Taiwan, Thailand and Vietnam. For each community,
flooded days were defined as days from the start dates to the end dates
of flood events. Lag-response associations between flooded day and
daily hospitalization risks were estimated for each community using
aquasi-Poisson regression model with a distributed lag nonlinear
function. The community-specific estimates were then pooled using a

random-effects meta-analysis. Based on the pooled estimates, attributable
fractions of hospitalizations due to floods were calculated. We found that
hospitalizationrisks increased and persisted for up to 210 days after flood
exposure, with the overall relative risks being 1.26 (95% confidence interval
1.15-1.38) for all causes, 1.35 (1.21-1.50) for cardiovascular diseases,

1.30 (1.13-1.49) for respiratory diseases, 1.26 (1.10-1.44) for infectious
diseases, 1.30 (1.17-1.45) for digestive diseases, 1.11 (0.98-1.25) for

mental disorders, 1.61(1.39-1.86) for diabetes, 1.35 (1.21-1.50) for injury,
1.34 (1.21-1.48) for cancer, 1.34 (1.20-1.50) for nervous system disorders
and 1.40 (1.22-1.60) for renal diseases. The associations were modified by
climate types, flood severity, age, population density and socioeconomic
status. Flood exposure contributed to hospitalizations by up to 0.27% from
all causes. This study revealed that flood exposure was associated with
increased all-cause and ten cause-specific hospitalization risks within up to

210 days after exposure.

Floods are the most frequent natural disaster, and an estimated 23%
of the global population is exposed to inundation depths of >0.15m
during 1-in-100-year flood events'. Projections indicate an escala-
tionin the severity, duration and frequency of floods due to the more
frequent extreme precipitation events and rising sea levels due to
global warming?. Besides the well-recognized direct health impacts
caused by physical forces of floods or related accidental events (for
example, drowning, electrocution and hypothermia), emerging
evidence suggests that floods can indirectly have broad impacts
on human health®. This suggests that the health impact of floods

may have been underestimated and will further exacerbate as the
climate changes.

Current epidemiological evidence about the health impacts of
flood exposure focuses on disease incidence risks, mainly covering
digestive diseases, infectious diseases and mental disorders, withsome
evidence forrespiratory diseases, cardiovascular diseases and nervous
system disorders®. However, floods canlead torisk factors that would
resultin healthimpacts beyond those covered by the current epidemio-
logical evidence®. Contaminated food and water can lead to digestive
diseases, while exposure to pathogens and compromised hygiene
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Flood days
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Fig.1| Annual flood days of the included communities during the study period. NZL, New Zealand; NSW, New South Wales; AUS, Australia; BRA, Brazil; CAN, Canada;
THA, Thailand; CHL, Chile; VNM, Vietnam; TWN, Taiwan. Part of the territory may be truncated.

practices increases the risks of respiratory and infectious diseases.
Displacement and deteriorated living environments contribute toboth
physical and psychologicalimpacts. Furthermore, impaired access to
healthcare and medication non-compliance (due to unavailability) can
exacerbate preexisting chronic conditions. Therefore, itis plausible to
hypothesizeincreased hospitalization risks for reasons including but
notlimited to cardiorespiratory diseases, mental disorders, infectious
diseases and digestive diseases after flood events.

Understanding the impact of floods on hospitalization risks is
crucial for healthcare providers to prepare for the increased demand
of health services after flood events, for public health institutions
to surveil outbreaks and for policymakers to enhance preparedness
andresponse protocols, especially considering the anticipated surge
in flood events. Despite the evident need for comprehensive knowl-
edge, previous studies only assessed the associations of flood with a
handful of cause-specific hospitalizations inasingle region, including
cardiovascular, respiratory and infectious diseases”’. To address the
knowledge gaps, we conducted a multi-country/territory study cover-
inghospitalizations over two decades across regions with various geo-
graphical and demographic characteristics. We aimed to quantify the

hospitalizationrisks and periods of concern of various major diseases
inthe aftermath of floods and to identify potential effect modifiers.

Results

We included 747 communities from eight countries and territories
(hereafter countries/territories) in the analyses, after excluding 301
communities that were without flood events during the study period
(Supplementary Table 1). Communities in the northeast region of
New South Wales in Australia, along the Amazon River and the southern
region of Brazil, within the Mekong Basin in Vietnam, and in the south
region of Thailand experienced flood days most frequently (Fig.1). The
median length of the study period among all included communities
was13.0 (interquartile range 12.4-15.0) years (see the Supplementary
Methods for details on the number of included communities, study
periods and frequency of flooded days in each country or territory;
Supplementary Table 1). Within 2000-2019, we included 300 million
hospitalization records in the analyses (Supplementary Table 2).
Supplementary Figs. 1-4 demonstrate the climate types, population
density, infant mortality rate and gross domestic product (GDP) per
capita of all communities.
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Fig. 2| RRs of hospitalization (n = 300,470,192) after exposure to floods in all communities. The lines denote the estimates of RRs, and the shaded areas denote the

corresponding 95% confidence intervals.

Overall, we found that the risks of all-cause and cause-specific hos-
pitalization increased after flood exposure for up to 210 days, except
for hospitalizations due to infectious diseases and mental disorders,
where theincreases persisted foraround 90 days and 150 days, respec-
tively (Fig. 2). Most lag-response associations exhibited monotonously
decreasing trends, while the associations for respiratory diseases,
mental disorders and nervous system disorders displayed inverted
U shapes. During 210 days after flood exposure (Fig. 3 and Supple-
mentary Table 3), the cumulative relative risk (cumRR) of hospitaliza-
tion was 1.26 (95% confidence interval 1.15-1.38) for all causes, 1.35
(1.21-1.50) for cardiovascular diseases, 1.30 (1.13-1.49) for respiratory
diseases, 1.26 (1.10-1.44) for infectious diseases, 1.30 (1.17-1.45) for
digestive diseases, 1.11(0.98-1.25) for mental disorders, 1.61 (1.39-1.86)
for diabetes, 1.35(1.21-1.50) for injury, 1.34 (1.21-1.48) for cancer, 1.34
(1.20-1.50) for nervous system disorders and 1.40 (1.22-1.60) for renal
diseases. The results of sensitivity analysesindicated that the estimates
were robust to a range of assumptions (Supplementary Table 4).

Atthe country/territorylevel (Fig. 3 and Supplementary Table 3),
increased risks were observed for all-cause and most cause-specific
hospitalizations post floods in Brazil, Canada and Taiwan. In Australia,
most cause-specific hospitalization risksincreased, while risks reduced
for digestive diseases (cumRR 0.84,95% confidence interval 0.79-0.89)
and mental disorders (0.69, 0.57-0.83) hospitalizations, as well as for
all-cause hospitalization (0.94, 0.91-0.98) after floods. The changesin
hospitalizationrisks after floods were non-significantin New Zealand,
Thailand and Vietnam, except that the hospitalization risk of respira-
tory diseases decreased (0.33, 0.22-0.51) after floods in Thailand.
In Chile, hospitalization risks increased for infectious diseases
(3.93,1.22-12.66) and injury (1.87,1.15-3.06). In Vietnam, the change
in hospitalization risks after floods were non-significant, except for
respiratory diseases (0.85, 0.75-0.97). Inconsistency of effect esti-
mates was moderate or strong (> 40%) within most countries/

territories (Supplementary Tables 5and 6). Some of the country-specific
lag-exposure associations (Extended Data Fig.1) were uncertain (with
wide confidenceintervals), like most of the associationsin Chile. Where
the lag-response associations were certain, the periods of concern
(relative risk (RR) >1) were mostly consistent across countries.

Results of the effect modification analyses (Fig. 4 and Supple-
mentary Table 7) revealed that the flood-hospitalization associations
varied with climate type; were weaker for more serious flood events;
and were stronger among those aged <20 years or >60 years compared
with the other age group, and incommunities with a higher population
density or a higher socioeconomic status (SES; lower infant mortality
rates or higher GDP per capita). Little evidence for effect modifications
by sex was found.

In the countries/territories included, exposure to floods con-
tributed to hospitalizations by up to 0.27% (95% CI 0.16-0.38) from
all causes, 0.41% (0.27-0.54) from cardiovascular diseases, 0.75%
(0.54-0.96) from respiratory diseases, 0.57% (0.10-0.99) from infec-
tious diseases, 0.34% (0.20-0.48) from digestive diseases, 0.90%
(0.26-1.41) from mental disorders, 1.93% (1.39-2.41) from diabetes,
0.46% (0.07-0.82) from injury, 0.46% (0.05-0.85) from cancer, 1.17%
(0.39-1.81) from nervous systemdisorders and 1.47% (1.05-1.88) from
renal diseases (Fig. 5 and Supplementary Table 8). The corresponding
annual numbers of hospitalization attributable to floods are presented
inSupplementary Table 9.

Discussion

Leveraging a multi-country/territory dataset spanning 2000 to
2019, our study revealed that exposure to floods was associated
with increased risks of hospitalizations for all causes, cardiovascular
diseases, respiratory diseases, infectious diseases, digestive diseases,
mental disorders, diabetes, injury, cancer, nervous system disorders
andrenal diseases. Among populations exposed to floods, the risks of
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Fig.3|The cumRR of hospitalization (n = 300,470,192)in 210 days after flood exposure in all communities and by country/territory. The dots denote the
estimates of RR, and the error bars represent the corresponding 95% confidence intervals (CI).

hospitalizationincreasedimmediately (except that respiratory diseases
and mental disorders increased gradually) and returned to normal
around 210 days (90 days for infectious diseases and 150 days for men-
tal disorders) after floods. The flood-hospitalization associations var-
ied across climate types, and they were stronger for lower-severity flood
eventsand among those aged <20 years or >60 years compared with the
otherage group, and incommunities with a higher population density
orahigher SES. Intheincluded countries/territories, exposure to floods
contributed to hospitalizations by up to 0.27% from all causes, 0.41%
from cardiovascular diseases, 0.75% from respiratory diseases, 0.57%
frominfectious diseases, 0.34% from digestive diseases, 0.90% from
mental disorders,1.93% from diabetes, 0.46% frominjury, 0.46% from
cancer, 1.17% from nervous disorders and 1.47% from renal diseases.

Associations between floods and hospitalization

We noted that some studies had quantified the association between
flood and hospitalization risk. One study observed an increased risk
of hospitalization due to schizophrenia during 5-15 days after floods
in a provincial capital city of mainland China in 2005-2014 (ref. 9).
In addition, the results indicated that the association was stronger
among those aged <40 years. Another study in seven provinces in
the Vietnam Mekong River Delta found that the risks of hospitaliza-
tions for non-external causes (RR1.07, 95% confidence interval 1.03-
1.11), infectious diseases (1.16, 1.04-1.30) and respiratory diseases
(1.26,1.16-1.36) increased during and after flood seasons in 2011-2014

(ref. 8). The increase in hospitalization risk lasted for around 4 weeks
for non-external causes and infectious diseases, and more than 4 weeks
for respiratory diseases. The other study observed that flood exposure
was associated with increased hospitalization risks of cardiovascular
diseases (1.04,1.02-1.06), chronic respiratory diseases (1.07,1.02-1.11),
respiratory infections (1.11,1.05-1.17) and food- or water-borne diseases
(1.17,1.06-1.30) in New York State during 2002-2018 (ref. 7). The findings
of these studies generally align with our findings, but differences exist
inassociationstrengths and maximum lag periods. The differences may
stem from variationsinspatial coverage and exposure assessment meth-
ods. Our study notably extended the spatial coverage to eight countries/
territories, while previous studies were limited to acity or asmall region;
the study in mainland Chinadefined flood events with cumulative rainfall
over consecutive days, which may result in exposure misclassification
because rainfallis only one of the factors leading to flood occurrences.

Our study identified increases in hospitalization risks of all-cause
and cause-specific diseases in 210 days after flood exposure. There
are several potential pathways, which may explain the adverse and
lasting health effects. One way is through the contamination of water
supply system'?, which can elevate the risk of digestive diseases and
aid the spread of infectious diseases™. In addition, floods can create
environments that are conducive to the growth of fungi, bacteria,
viruses and vectors such as mice, cockroaches and mosquitoes™.
These environments can trigger outbreaks of respiratory, digestive
and infectious diseases'?. Floods may also force massive evacuations,
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Fig. 4| The cumRR of hospitalization (n = 300,470,192)in210 days after flood
exposure by potential modifiers. There was only one community (of Chile)

with polar climate type. The dots denote the estimates of RR, and the error bars
represent the corresponding 95% confidence intervals. *P value for difference

was <0.05 for the estimate, compared with the reference group, where the
comparison was performed using a meta-regression model. Detailed estimates
and Pvalues are presented in Supplementary Table ref, reference group; USD,
constant2011US dollar.

causing displacement. Even when temporary shelters are provided,
insufficient sanitation facilities often resultin hygiene issues, increas-
ing the likelihood of respiratory, digestive and infectious diseases®.
Furthermore, access and capacity healthcare services may be impaired
after floods, leading to delays in regular medical interventions, which
include dialysis for renal diseases, chemotherapy and radiotherapy
for cancer, and medication regimens for cardiovascular diseases,
respiratory diseases, infectious diseases, digestive diseases, mental
disorders, diabetes, nervous system disorders and renal diseases.

Exposure to environmental hazards, such as extreme temperatures,
high humidity and indoor air pollution, could contribute to a broad
range of diseases” ', Finally, long-term psychological stress (for exam-
ple, from property damage and financial losses) canworsen or induce
adverse health outcomes by compromising the immune system, dis-
ruptingsleep, leading to substance abuse and diminishing self-care'’s,

We found that the RR of hospitalization for mental disorders
was lower than for the other diseases. This could be due to several
reasons. First, the onsets of mental disorders were less immediately
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Fig. 5| Attributable fractions (%) of hospitalizations (n = 300,470,192) due to flood exposure in communities impacted by floods. The dots denote the estimates of
attributable fractions, and the error bars represent the corresponding 95% empirical confidence intervals.

compared with the other diseases*. Thisis supported by the observed
lag-response associations. Second, some individuals might be reluc-
tant to seek help for mental health concerns because of stigma®. Third,
the other diseases (for example, injury and infectious diseases) might
have been prioritized, so the hospitalization demands of mental dis-
orders were less fulfilled in the 210 days after floods.

Our results also revealed counterintuitive findings, with areduc-
tionor nodifference intherisk of all-cause hospitalization after floods
in certain countries/territories (for example, respiratory diseases
in Thailand). These findings might be attributed to impaired admis-
sion capacity of and access (that is, traffic system) to local hospitals,
implementation of protective public health interventions, or raised
awareness of health after floods. In Australia, the hospitalization risks
of some cause-specific diseases decreased after floods, while the hospi-
talizationrisks of other cause-specific diseases increased after floods.
A reason for this might be that the hospitalizations of some diseases
were prioritized after floods, so the hospitalizations of other diseases
were delayed and limited in number. Further research is warranted to
reveal the underlying mechanisms.

Effect modification
Our findings align with the findings reported by the US Global Change
Research Program, indicating that children or adolescents and older

adultsare particularly vulnerable to various health impacts of natural
disasters?. Children or adolescents are more vulnerable because some
of their organs are still developing and they take in more food, water and
airperunitofbodyweight comparedwithadults, whichmayexposethem
to more hazards during and after floods®*. A cross-national analysis of
population surveys from 29 countries and a large-scale meta-analysis
of 192 epidemiological studies both indicated that the peak age of
the first onset of mental disorder is around 14 years (refs. 23,24).
Older adults are generally more frail, with existing illness, or depend-
ent on nursing or assisted living facilities, and their compromised
mobility exposes them to more environmental hazards during and
after floods®. Our findings suggest that local climate type modifies
the association between flood and hospitalization risks, which may
be explained by several potential reasons. First, the infrastructure
(for example, traffic and sewage) and health system resilience and
preparedness (for example, food and water) to floods might vary with
climate type. Second, the population vulnerability and prevalence of
diseases might be different among communities with different climate
types®*. Communities with high population density exhibited stronger
associations, possibly due to the longer time of exposure to hazardous
environments caused by congestion during evacuations®; abundant
medical sources that were able to admit more patients; and a higher
likelihood of infectious disease outbreaks®.
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Counterintuitively, the flood-hospitalization associations showed
less harm in communities with a lower SES (compared with a higher
SES), where the residents were often thought to be more vulnerable
to health hazards. The reason for this might be that alower SES gener-
ally indicated less medical resources and resilience to natural disas-
ters, resulting in hospitalization requests not being fulfilled owing to
hospitals reaching capacity sooner after floods. In addition, people
in this community might die before arriving at hospitals or might be
unabletotravel to hospital owingto trafficinfrastructureinterruption
during and after floods, compared with people in communities where
the traffic infrastructures were resilient to flooding disasters. Conse-
quently, communities with a lower SES presented a smaller increase
in hospitalization risk compared with communities with a higher SES.

Surprisingly, the effects of more serious floods on hospitalization
risks were less harmful. This is an unusual finding because more seri-
ous floods generally have a greater impact on the environment and
infrastructure. One possible reason is that more serious floods had a
greater impact on the capacities of healthcare systems and the traffic
systems, leading to more patients not being admitted to hospital or
dying before admission. Another possible reasonis that serious floods
forced large-scale evacuations, and individuals changed their residen-
tial community, so the hospitalizations among these individuals were
excluded from the hospitalization of the original community.

Clinical and policy implications

Our findings have important implications for clinical and policy deci-
sions. Health service providers should anticipate increased health
risks during and after floods and prepare for the heightened service
demands, possibly through strengthening capacities in medical sup-
plies, humanresource management and triage strategy. Public health
institutions should closely monitor reasons for hospitalization after
floods as amethod for disease control and efficient resource allocation
in the aftermath of floods. Policymakers should prioritize enhancing
health system resilience to natural disasters, recognizing that over-
whelmed health systems after floods can lead to severe disease bur-
den and even avoidable deaths. Moreover, policymakers should also
improve disaster preparedness, early warning and detection systems,
and efficient disaster response protocols to reduce the hazardous
exposure during and after floods.

Our findings highlight the importance of improving the resil-
ience to climate change. Healthcare systems and traffic infrastructure
that areresilient to flooding disasters can ensure that hospitalization
needs are fulfilled during and after the disasters, reducing avoidable
deaths and lessening the health burden. Additional attention should
be given to communities with a low SES status, especially to those in
low-income countries, given that the residents in these countries are
exposed to more floods and have weaker abilities to migrate out of
these flooding areas®.

Strengths and limitations

We included communities with diverse characteristics (for example,
climate, geographic, demographic and socioeconomic) and all flood
eventsin these communities. In this way, we limited major factors that
may compromise the generalizability of our findings®. By estimat-
ing the impacts on all-cause and ten cause-specific hospitalizations,
this study provides comprehensive insight into the health impacts of
exposure to floods.

This study has some limitations. The Dartmouth Flood Observa-
tory (DFO) dataset primarily covers flood events mentioned in the
news and may underrepresent floods, especially in South America®.
This might have resulted in exposure misclassification, where flooded
days were regarded as non-flooded days. However, this would only
bias the associations towards the null, and the extent of the under-
representation of floods was small>. Besides, the exposure assess-
ment was at the community level rather than at the individual level

because exact residential addresses were confidential. Some people
might reside in non-flooded areas in acommunity that was deemed
as flooded. However, these people would still be impacted by floods
through interruptions to infrastructure and health services, impair-
mentof food and water supply systems, evacuations and psychological
stresses, and the exposure misclassification would probably bias our
estimates towards the null. Furthermore, itisimportant to note that the
observedincreasesin hospitalizations do not equate totheincreasesin
hospitalization demands because some cause-specific hospitalizations
may be low priority, the admission capacity of hospitalizations canbe
impaired, and the access to healthcare can be interrupted. However,
this would lead to underestimation of the hospitalization risks.

Conclusions

This study fills agap in the knowledge about the associations between
floods and hospitalization risks, based on a multi-country/territory
dataset and standard time-series statistical methods. We found that
flood exposure was associated with increased hospitalizations of vari-
ous causes within up to 210 days after exposure; the associations were
modified by climate type and flood severity, and were stronger among
those aged <20 years or >60 years compared with the other age group,
and in communities with a higher population density or a higher SES.
Policymakers and health professionals should raise awareness of the
increased hospitalization demands from a broad range of diseases
after floods to improve disaster response strategies and health sys-
tem resilience to optimize the prognosis of the incidence or onset of
diseases during and after floods to cope with the health challenges
brought by climate change.

Methods

Hospitalization data

Hospitalization data were obtained from the authorities of each coun-
try/territory. These data well represented all hospitalizations across
New South Wales (containing 32% of the population in Australia), Brazil,
Canada, Chile, New Zealand, Taiwan, Thailand and Vietnam of differing
periods between 2000 and 2019. Details of the data sources are provided
in the Supplementary Methods. Daily numbers were calculated for
hospitalizations from all causes, cancer (International Classification of
Diseases code C00-97), cardiovascular diseases (100-99 and G45-46), dia-
betes (E10-14), digestive diseases (K00-93), infectious diseases (A00-99
andB00-99),injury (S00-99 and T00-98), mental disorders (FO0-99 and
R40-46), nervous system disorders (G00-99), renal diseases (NOO-19)
and respiratory diseases (J00-99). For each hospitalization record,
we obtained sex, age group (<20, 20-60, >60 years; not available for
records in Vietnam), admission date and community of residence of
the patient (see Supplementary Table 1 for official names of the com-
munities in each country/territory). The records of diabetes, injury,
cancer, nervous systemdisorders and renal diseases were not available
for Vietnam, and the records of injury were not available for Thailand.

Flood exposure

We retrieved flood events data during 2000-2019 from the DFO*. This
isaglobalflood catalogue that well represents global flood events over
time and has been validated and used for flood exposure assessment*’,
For each flood event, point and areal locations representing flooded
surfaces were accumulated through news, governments and instru-
ments. The flooded area for each event was defined as the polygon that
bounded all of these points and areas. The polygons were validated by
satellite observations using the MODIS (Moderate Resolution Imag-
ing Spectroradiometer) sensors, whose spatial resolution was 250 m
(ref. 31). Using the spatial estimates of flooded areas in the DFO, we
determined that a community was flooded if its centroid was within
the flooded areas. In the DFO, start dates (that is, when floods were
officially recognized), end dates (that is, when floods were officially
announced receding) and severities (lower: large or very large (return
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period <100 years); higher: extreme (return period =100 years)) of
flood events were consistently defined across countries®. For each
flooded community, we defined the exposure, flooded days, as days
fromthestart dates to the end dates of flood events. In occasions that
a community was impacted by two floods, we categorized the com-
munity as beingimpacted by the flood with a higher severity.

Meteorological data

Population-weighted daily mean temperatures of each community
were calculated on the basis of population datasourced from Landscan
(https://landscan.ornl.gov/) and temperature and precipitation data
collected fromthe ERA5-Land dataset®, which provided hourly obser-
vations of global air temperature at 2 m above ground and precipitation
ataspatial resolution of 0.25° (28 km).

Statistical analysis

Two-stage analytical approach. To estimate the associations between
flood exposure and hospitalization, we used a two-stage analytical
approach, whichwas outlined in previous studies®”***, In the first stage,
aquasi-Poissonregressionmodelin combination withadistributed lag
nonlinear function was used to estimate the lag-response association
between flood exposure and hospitalization risk over 0-210 lag days
(thatis, 0-210 days after exposure) for each community. The maximum
lag period of 210 days was selected because a previous study and our
preliminary results suggested that the impact of flood exposure on
hospitalization risk lasted for around 7 months (ref. 36). To model
the lag-response association, a cross-basis function was used. Each
cross-basis function consisted of two dimensions that defined the
exposure-response and the lag-response associations, respectively.
The lag-response association describes the temporal change in risk
over the maximum lag period after exposure”. Specifically, the expo-
sure-response associationwas modelled withastratafunction (strata:
not exposed versus exposed), and the lag-response association was
modelled with a natural cubic spline with four degrees of freedom.
To control confounding effects within the model, weincluded a cubic
B-spline with three degrees of freedom for date to model long-term
trends, a cyclic cubic B-spline with three equally spaced knots for day
of the year to model seasonal trends, and an indicator for day of the
week™®. Inaddition, we respectively controlled the potential confound-
ing effects introduced by temperature and precipitation through a
cross-basis function of daily mean temperature with a maximum lag
period of 21 days and a cross-basis function of daily precipitation with
amaximum lag period of 14 days, as suggested by previous studies'®*.
Detailed information about the community-specific model is provided
inthe Supplementary Methods. The community-specific associations
between flood and hospitalization risk were estimated in the general
population, as well as in different sexes (female and male) and age
groups (<20,20-60 and >60 years old). Communities not experiencing
any flood events during the study period were excluded.

In the second stage, overall lag-response associations between
floods and hospitalization risks were estimated by pooling the coef-
ficients and covariance matrixes of the cross-basis functions that quan-
tified the community-specific associations, using random-effects
multivariate meta-analyses with restricted maximum likelihood esti-
mation. The overall lag-response associations were estimated for all
communities and for each country/territory, climate type (Koppen
climate classification), level of population density (cut-off points:
tertiles), infant mortality rate (lower versus higher than median) and
gross domestic product (GDP) per capita (lower versus higher than
median)®. Details of the data sources and assessments of population
density, infant mortality rate and GDP per capita for each community
are available in the Supplementary Methods. For each meta-analysis,
we quantified inconsistency with the /*statistic and tested for hetero-
geneity using Cochran’s Qtest. With each lag-response association, a
cumRR was calculated by cumulating the RRs of all lag days over the

maximum lag period*’. Sensitivity analyses were performed to examine
the robustness of the results (Supplementary Methods).

Effect modifications. To identify potential effect modifiers for the
flood-hospitalization associations, the cumRRs across different strata
of potential modifiers (sex and age groups, climate types, population
density and SES variables (infant mortality rate and GDP per capita))
were compared using random-effects meta-regressions (because
these estimates were based on different populations)*. To assess the
effect modification by flood severity, we first estimated the effects
of different flood severities by modifying the exposure strata func-
tion from two strata to three strata (that is, not exposed, exposed to
lower-severity floods, and exposed to higher-severity floods) in the
first stage. After calculating the cumRRs of different flood severities,
fixed-effect meta-regressions were used to test whether the effect
estimates were modified by flood severity (because these estimates
were based on the same or overlapping populations)*.

Attributable fraction. We calculated the attributable fraction of hos-
pitalizations due to floods for each country/territory on the basis
of the country-/territory-level associations estimated at the second
stage®. The specific method and formulas used are presented in the
Supplementary Methods.

For all data analyses, we used R software (version 4.1.1). To per-
form the two-stage analytical approach, we used the packages dinm
and mixmeta®.

Ethics declarations

This study was approved by the Monash University Human Research
Ethics Committee (ID 24439). The authors confirm that the original data
collection was compliant with ethics and legal frameworks (local and
international), including regarding consent and privacy.

Data availability

According to the agreement with the data custodians, the hospitaliza-
tiondatacannot be shared. However, the dataare available upon send-
ingapplicationto the data custodians specified in the Supplementary
Methods. The Dartmouth Flood Observatory is publicly available at
https://floodobservatory.colorado.edu/. Population data were sourced
from Landscan at https://landscan.ornl.gov/. Data of weather predic-
tors are open access and are available at https://cds.climate.coperni-
cus.eu/datasets/reanalysis-era5-land?tab=overview. Infant mortality
rate dataare available at https://sedac.ciesin.columbia.edu/data/set/
povmap-grdi-vl. Gross domestic product data were collected from
https://datadryad.org/stash/dataset/doi:10.5061/dryad.dk1j0.

Code availability
The codes that support the findings of this study are openly available
via GitHub at https://github.com/ZhengyuEddy/FloodHospitalization.
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Extended Data Fig. 1| Relative risks of hospitalization (n = 300,470,192) after exposure to floods, by countries. Lines denote the estimates of relative risks, and
shaded areas denote the corresponding 95% confidence intervals. Abbreviations: CVD = cardiovascular diseases; NZL = New Zealand.
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