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ABSTRACT

OBJECTIVE

To examine the associations between characteristics
of daily rainfall (intensity, duration, and frequency)
and all cause, cardiovascular, and respiratory
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POPULATION

Daily mortality data, comprising a total of 109954 744
all cause, 31164161 cardiovascular,and 11817278
respiratory deaths from 1980 to 2020.

MAIN OUTCOME MEASURE

Association between daily mortality and rainfall
events with return periods (the expected average time
between occurrences of an extreme event of a certain

WHAT IS ALREADY KNOWN ON THIS TOPIC

Climate change is intensifying the frequency and severity of short term rainfall
events

Current research on rainfall related health risks primarily focuses on infectious
diseases and severe storms, overlooking broader impacts such as those on
cardiovascular and respiratory health, and how varying rainfall intensities affect
these condition

Existing evidence is predominantly derived from specific locations, and regional
variations in rainfall intensity, duration, frequency, and timing can lead to
diverse health impacts across different geographical areas

WHAT THIS STUDY ADDS

This study found that local factors such as climate conditions, climate type, and
vegetation coverage have a potential influence on rainfall related all cause and
cardiovascular and respiratory mortality

These results can enhance understanding of the broad and complex health
impacts of climate change, guiding the development of localised adaptation
measures for policy makers
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magnitude) of one year, two years, and five years, with
a 14 day lag period. A continuous relative intensity
index was used to generate intensity-response curves
to estimate mortality risks at a global scale.

RESULTS

During the study period, a total of 50913 rainfall events
with a one year return period, 8362 events with a two
year return period, and 3301 events with a five year
return period were identified. A day of extreme rainfall
with a five year return period was significantly associate
with increased daily all cause, cardiovascular, and
respiratory mortality, with cumulative relative risks
across 0-14 lag days of 1.08 (95% confidence interval
1.05t01.11), 1.05 (1.02 to 1.08), and 1.29 (1.19 to
1.39), respectively. Rainfall events with a two year
return period were associated with respiratory mortality
only, whereas no significant associations were found
for events with a one year return period. Non-linear
analysis revealed protective effects (relative risk <1)
with moderate-heavy rainfall events, shifting to adverse
effects (relative risk »1) with extreme intensities.
Additionally, mortality risks from extreme rainfall events
appeared to be modified by climate type, baseline
variability in rainfall, and vegetation coverage, whereas
the moderating effects of population density and incom
level were not significant. Locations with lower variabilit
of baseline rainfall or scarce vegetation coverage
showed higher risks.

CONCLUSION

Daily rainfall intensity is associated with varying
health effects, with extreme events linked to an
increasing relative risk for all cause, cardiovascular,
and respiratory mortality. The observed associations
varied with local climate and urban infrastructure.
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Introduction

Emerging evidence from epidemiological studies
suggests a compelling association between rainfall
events and adverse health outcomes,' ? particularly
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the transmission of infectious diseases.® The influence
of rainfall events on non-communicable diseases,
however, remains understudied.” > Current evidence,
derived mainly from specific locations,®” has failed to
capture the diverse health effects of regional variations
in rainfall characteristics. Extreme rainfall events can
result in rapid meteorological changes that potentially
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described elsewhere.???* Daily mortality records,
provided by local statistical authorities within each
participating country or region, were categorised
using ICD-9 and ICD-10 (international classification
of diseases, ninth and 10th revisions, respectively)
codes. We obtained records for non-external mortality
(ICD-10 codes: A00-R99; ICD-9 codes: 001-799) or

lead to an interaction with harmful aerosols,® °
which can contribute to an increased risk for various
cardiovascular® *° and respiratory conditions.°
Several  challenges  hinder  comprehensive
understanding of the association between rainfall
events and health outcomes. Firstly, most studies
defined rainfall events using traditional -centile
methods,''™ and the variation in centile thresholds
used across studies has led to mixed results. This
problem, compounded by limitations such as restricted
geographical locations and short study durations,® has
prevented consensus from being reached. Secondly,
these traditional centile methods failed to reflect
local rainfall patterns and did not follow the World
Meteorological Organization criteria for identifying
important events'*: High intensity (substantial rainfall
within a brief period), low frequency, and short
duration.'* Thirdly, the association between rainfall
intensity and health outcomes was likely non-linear.
Although moderate rainfall can mitigate summer heat
and helpreduceairpollution, whichinturnmightreduce
some environmental health risks,’> high intensity
rainfall events of low frequency and short duration
may have a particularly harmful effect on health, as
such events can result in rapid meteorological changes,
increased run-off, overwhelmed infrastructures,®
increased breeding of pathogens, and increased risk
of different kinds of pollutants, including particulate

all cause mortality depending on data availability,
as well as specific data for cardiovascular disease
(ICD-10 codes: 100-199; ICD-9 codes: 390-459) an
respiratory diseases (ICD-10 codes: J00-J99; ICD-
codes: 460-519) across a total of 743 locations fro
1980 to 2020. These locations were selected base
on the representativeness of the mortality data i
relation to demographic characteristics of population
across diverse conditions in different countries an
regions.”> *° The appendix in our previous stud
provides a list of these locations and details on th
sources of mortality data for each.**
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Exposure data

Our primary climate data consisted of surfac
precipitation rates on an hourly scale (hourly rainfal
amount) sourced from the land component of the fift
generation of the European reanalysis (ERA5-Land
dataset.”’” This dataset integrates satellite and groun
observations through advanced assimilation an
modelling to estimate climate variables globally o
land. We obtained data on a regular 0.1°x0.1° grid fo
1980 to 2020 for each location, although the availabl
years differed by location. The data were aggregate
to daily scales, accounting for different time zones
Numerous studies have validated the precision o
this precipitation data across various regions.?® ?
Furthermore, c0n51der1ng the distinct effects of rainfal
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matter and chemicals,”® 7 which can potentially and snowfall,*® we also collected data on snow dept h&Q
exacerbate health conditions. To differentiate between rain and snow in subsequeng>

Climate change is intensifying the variability in analyses, we treated rainfall days with a daily mea Ig;’
precipitation’® ' and extreme rainfall events both temperature <0°C and a snow depth >0 as nons

daily and overall.”® 2! An awareness of the effects of precipitation days, assuming such conditions likel

these extreme events is crucial for understanding the indicated snowfall or mixed precipitation rather thar,
complex health consequences of climate change. Using  pure rainfall.> =
an intensity-duration-frequency model to combine the In addition, we sourced precipitation data from twd2.
three rainfall indices (high intensity, low frequency, additional datasets for sensitivity tests. The MSWEP%
short duration) with mortality data from 34 countries (multi-source  weighted-ensemble prec1p1tat10n)E
or regions, we estimated associations between mortality ~ dataset’’ provided data with a three hour tempora@

(all cause, cardiovascular, and respiratory) and rainfall
events with different return periods (the expected average
time between occurrences of an extreme event of a certain
magnitude) and crucial effect modifiers, including

resolution, matching ERA5-Land’s spatial resolutio
for 1980-2020. We also utilised the IMERG (integrate
multi-satellite retrievals for global precipitatio

measurement) dataset, which offers half hourl
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climatic, socioeconomic, and urban environmental
conditions. The findings should help improve our
understanding of the effect of rainfall on health and
guide health services to better respond to rainfall related
health risks in the context of climate change.

Methods

Study population

We obtained data on mortality from the Multi-Country
Multi-City (MCC) Collaborative Research Network
database (https://mccstudy.lshtm.ac.uk/), which is

precipitation measurements from 2000 to 2021.32
IMERG uses >10 satellites with passive microwave
radiometers to deliver calibrated global estimates
of precipitation, a method widely recognised for its
reliability.>* From these datasets, for each city in our
study, we extracted data from the grid point closest
to the city centre’s coordinates. We also obtained
daily mean temperature and relative humidity data
from the MCC database, originally sourced from local
monitoring stations. Further details on data collection
and assessment procedures are provided elsewhere.?®
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Finally, we collected daily (24 hour average) pollutant
concentrations, specifically particulate matter with
aerodynamic diameters <2.5 pm (PM,;) and eight
hour maximum ozone, from local monitoring stations.
These air pollution data were available only for 372
locations across 19 countries or regions, as described
previously.”?

Definitions of rainfall events

Rainfall patterns often do not follow a normal
distribution owing to periods of no rain leading to
many zero values and extreme weather events causing
skewness.>* * Geographical factors also contribute
to uneven distributions across regions.>® Therefore,
centile methods that are suitable for defining heat
waves or cold spells based on daily temperature data
may be inadequate for rainfall analysis. Impactful
events are usually intense and rare, necessitating
a definition that accounts for both intensity and
frequency.

Following the World Meteorological Organization’s
guideline,'* we used the extreme value theorem to
assess the threshold of extreme rainfall events at daily
scale with a specific return period. Return periods are
the expected average times between occurrences of an
extreme event of a certain magnitude. This approach
involves considering the frequency, duration, and
intensity of extreme events at the same time.’
Specifically, we used the regional frequency analysis
framework®® with the generalised extreme value
function to model the distribution of annual maximum
daily cumulative rainfall across all locations.*® Using
this fitted generalised extreme value model, we
established thresholds for rainfall events with return
periods of one year, two years, and five years for each
group of cities with similar climatic and precipitation
conditions. For example, if the cumulative probability
of daily cumulative rainfall reached 50% based on
the fitted distribution, this level of rainfall was then
associated with a two year return period. This does not
imply that such events happen regularly every two years
but rather describes their probability of occurrence
over a long term horizon. The supplementary methods
provide details on the methodological and validation
approaches. The methodology is commonly employed
in research examining the health effects of extreme
climatic conditions®® and is extensively used in
hydrological studies.?” #*4>

o ifD,=<T
27| 0,-T,_ . )T ifD,>T

1-in-2

PE

1-in—2 1-in-2 1-in-2

Where D is daily cumulative rainfall
and T, ,is threshold value of rainfall
events with two year return period

Fig 1 | Equation to calculate percentage of daily
accumulated rainfall exceeding a two year return period.
The return period is the expected average time between
occurrences of an extreme event of a certain magnitude
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Furthermore, to illustrate the gradation of relative
risk associated with increasing rainfall intensity from
relatively moderate to extreme, we calculated the
percentage of daily accumulated rainfall exceeding
the two year return period threshold as a continuous
variable, denoted as PE, (fig 1). This measure provides
a continuous index for quantifying the relative
intensity of extreme rainfall events.

As an example, if the threshold for a two year return-g
period was 50 mm and a city experienced 70 mm irfp
a day, the index value would be calculated as 40%%
meaning that on that day the city experienced rainfalg
that was 40% greater than expected for a two yeal<
return period. We selected this threshold based on oué
preliminary research findings, where no significan
effect was observed for rainfall events with a one yeag@'
and two year return period.*?

pnjoul iy

Statistical analysis
To investigate the association between extremes
rainfall events and daily mortality, we employed a2
established two stage analytical method.? ** > Thi®
approach follows the methods detailed in previoug;
studies,”>** ensuring consistency and comparability irh
our analysis. @
In the first stage of our analysis, we utilised quasi%
Poisson regression models to assess the city specific>
associations between extreme rainfall events and®
daily mortality. The quasi-Poisson regression modef2
was adopted as it has been found to fit data for daily,
mortality count well in many related studies.*® ¢ Fo.
the main model, we employed distributed lag modelsy-
to evaluate the cumulative impact of exposure to®
extreme rainfall as a binary variable. Based on returrB.
period analysis, we identified a rainfall threshold fmg-
three different return periods (one year, two years, an@®
five years). Days with rainfall below certain threshold
were assigned a value of 0, indicating either no rainfalg
or precipitation not meeting the criteria. Converselys.
days exceeding this threshold were assigned a value of
1. We modelled the lag structure using a natural cubigw
B spline with four degrees of freedom and two internaB.
knots, which were evenly spaced in the log scale.*%.
The lag period was set to 14 days, which was informede:
by our preliminary findings in east Asia.*> To controﬁ
the potential confounding effects of non-optimalB
temperatures, we used a distributed lag non-lineas
model to introduce a cross basis function of dailyg—
mean temperature in the main model. This distributed.
lag non-linear model comprised a quadratic B splinefB
with three internal knots placed at the 10th, 75th,
and 90th centiles of location specific temperature
distributions.?® Additionally, the model included a
lag response curve characterised by a natural cubic
spline with three internal knots evenly spaced on
the log scale with the same 14 day lag setting.?® We
also included a natural cubic B spline of time with
seven degrees of freedom per year?® and an indicator
of the day of the week to control for the long term
and seasonal trends and weekly variations.?® In the
second stage, we pooled the city specific estimates

3
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to obtain overall relative risk based on coefficients
and covariance matrices of the results from each city
using random effects meta-analysis with restricted
maximum likelihood estimation.*® Specifically, these
associations were pooled to generate an overall level
and were based on several key factors related to the
rainfall effect to explore potential effect modifications
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of patients or their relatives owing to data privacy
and security regulations across different counties.
In addition, no funding was allocated for patient or
public involvement, and given the nature of the data,
such interaction was not feasible. At the same time,
given the nature of this study it was not appropriate
or feasible to involve members of the public directly.

that have not been adjusted for, including local climate  Moreover, the research was primarily data driven, with

types (according to the Képpen climate classification, no clear mechanism for public participation in theg
a widely used global climate zoning method*’), annual  analysis process. Importantly, this study was partiallyg
cumulative precipitation, the average annual standard inspired by observed respiratory health effects afte%
deviation of daily cumulative precipitation for all extreme rainfall events, which reflect the issue%
rainfall days, economic conditions (reflected in the patients face. <
country’s income class, 2010 version), population 8
density, and the average percentage of vegetation Results g
coverage (2010 version). The supplementary file After excluding 98 locations owing to insufﬁcieng
provides detailed information on the data sources exposure events, where the number of matched™
for each factor. We examined heterogeneity using extreme rainfall days with a five year return penod?;
Cochran’s Q test and the I statistic.>® was less than two days, this study encompassed 645
For the analysis of PE,, we employed a similar process,  locations across 34 countries or regions. Results of the_:,o'
with one key distinction. In the first step, we replaced  Kolmogorov-Smirnov test, a method used to verify thé2
the distributed lag model function of extreme rainfall reliability of the results (see supplementary method$2
events (treated as a binary variable) with a distributed  for details), showed that the generalised extreme valud,
lag non-linear model cross basis function of PE,, distributions were accepted at a 5% significance leve 1]
treating it as a continuous variable. For this function, for all included locations (see supplementary figures
we utilised the same distributed lag non-linear model S1). Our analysis included 109954744 all cause %
settings as those applied for daily mean temperature. 31164 161 cardiovascular, and 11817 278 respirato rf:
This modification in the model allowed us to capture  deaths. During the study period, we identified a tota aP
the cumulative effects of varying rainfall intensities of 50913 rainfall events with a one year return period® S
while maintaining methodological consistency. 8362 events with a two year return period, and 3301;%

ﬁ’u

To strengthen the reliability of our analysis, we focused
on locations that had matched a minimum of two days
of rainfall events with a five year return period during
the study period to exclude locations lacking adequate
exposure events. Additionally, we excluded rainfall
events if during event days no hourly total rainfall
exceeded 4 mm, according to the World Meteorological
Organization’s criteria.’’ Finally, to ensure the
robustness of our findings, we conducted a series of
sensitivity analyses (see supplementary methods),
including adjustments to some key model settings, the
incorporation of alternative precipitation datasets, and
controlling for air pollution and flood events.

events with a five year return period. Figure 2 illustrate:
the distribution patterns of the threshold of rainfal
events with the three levels of return periods. Location:
that experienced higher daily cumulative rainfal
within the same return period were predominantl
in South America, east Asia, and South East Asi
Supplementary table S1 provides a statistical overvie
of the included locations, detailing the economi
classification, number of included locations, an
number of matched extreme rainfall events during th
study period for each country or region.

We identified a global positive association betwee
all cause mortality and extreme rainfall events wit
a five year return period (fig 3). However, shorte
return periods of one year or two years were no
associated with increased risks of all cause mortality®
Overall, across all locations, a day of extreme rainfalE
with a five year return period was associated with ag—
cumulative relative risk across 1-14 lag days of 1.082.
(95% confidence interval (CI) 1.05 to 1.11) for dailyf%

rep
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Effect modifications

To investigate how various factors might modify
the health effects of extreme rainfall events across
different populations, we applied random effects meta-
regressions with maximum likelihood estimation.
This approach allowed us to compare the cumulative

17Te

relative risks across different levels of potential effect
modifiers.”” The potential effect modifiers examined
include the classification of local climate types, the
amount of total annual precipitation, the yearly
average standard deviation of precipitation on rainfall
days, economic status, population density, and average
vegetation coverage.

Patient and public involvement
This study utilised data from worldwide death
registries, which inherently restricts direct involvement

all cause mortality. Cause specific analyses showed
that rainfall events with a two year return period were
associated with increased daily respiratory mortality
(1.14, 1.05 to 1.23), whereas no significant effect
was observed for the same period for cardiovascular
mortality (1.01, 0.98 to 1.04). Furthermore, five year
return period events were associated with increased
risk for both cardiovascular (1.05, 1.02 to 1.08) and
respiratory mortality (1.29, 1.19 to 1.39), with the
risk for respiratory mortality notably higher than for
cardiovascular mortality (P<0.05). Conversely, rainfall

doi: 10.1136/bmj-2024-080944 | BMJ 2024;387:e080944 | thebmyj
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One year return period
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Fig 2 | Daily cumulative thresholds for extreme rainfall events in 645 locations. Analysis used the intensity-duration-frequency model across the
three return periods. The return period is the expected average time between occurrences of an extreme event of a certain magnitude
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Return period All cause
by region

All cause

Cumulative relative Cumulative relative

Cardiovascular

Cardiovascular
Cumulative relative Cumulative relative

Respiratory

Respiratory

Cumulative relative Cumulative relative

risk (95% CI) risk (95% CI) risk (95% CI) risk (95% CI) risk (95% CI) risk (95% CI)
Global (n=645)
Syears 1.08(1.05t0 1.11) * 1.05(1.02 t0 1.08) * 1.29(1.19t0 1.39) L &
2 years 1.03 (0.98 to 1.08) * 1.01 (0.98 to 1.04) * 1.14 (1.05 to 1.23) R
1year 0.98(0.95t0 1.0 * 0.98 (0.96 to 1.00) * 0.95(0.89t01.02) *
Northern Europe (n=71)
5years 0.98(0.86t0 1.12) -&- 0.94(0.75t0 1.18) -— 1.15(0.96 to 1.34) -
2 years 0.94(0.85t0 1.04) + 1.01 (0.85 to 1.20) - 0.95(0.72t0 1.24) ——
1year 0.98(0.92to 1.04) * 0.97 (0.89 to 1.05) & 1.05(0.70 to 1.45) ——
Central Europe (n=45)
5years 1.04 (0.90 to 1.20) -o- 0.84(0.39t0 1.79) — 1.15(0.56 to 2.35) —_—
2 years 1.03(0.94t01.13) L g 0.79(0.51to 1.22) —— 0.93(0.55t01.31) ——
1year 0.96 (0.92t0 1.02) * 0.93(0.81to 1.07) -o- 0.97(0.66 t0 1.43) ——
Southern Europe (n=63)
Syears 1.07(0.95t01.12) -&- 1.37(1.07t0 1.77) —— 1.13(0.95t0 1.31) —-o-
2 years 1.01(0.94 to 1.09) > 1.15(0.99 t0 1.33) -o- 0.93(0.66t01.31) ——
1year 1.01(0.98 to 1.05) * 1.07 (0.99 t0 1.14) * 1.07 (0.88 t0 1.31) -—
East Asia (n=87)
Syears 1.09(1.02t0 1.15) * 1.03(0.90t0 1.17) -&- 1.26 (1.06 to 1.46) o
2 years 1.00(0.97 to 1.02) * 1.02 (0.95 to 1.09) * 1.24 (1.03 to 1.46) ——
1year 0.98(0.97t0 0.99) * 0.98 (0.96 to 1.00) * 0.95(0.87t01.03) *
South East Asia (n=65)
Syears 1.02(0.92t0 1.14) L 4 1.11(0.96 to 1.29) o= 1.06 (0.76 to 1.50) ——
2 years 1.05(0.98t01.13) * 0.95(0.76 to 1.19) -— 0.89(0.67t01.16) ——
1year 1.00(0.98 to 1.02) * 1.00 (0.95 to 1.04) * 0.93(0.84t01.03) -+
North America (n=229)
Syears 1.12(1.01t0 1.24) &- 1.17(0.95t0 1.43) —— 1.17(1.05t0 1.29) -
2 years 1.04(0.98 t0 1.10) * 1.03(0.93t0 1.15) - 1.10(1.03t0 1.17) L 2
1year 0.99(0.98t0 1.0 * 0.99 (0.96 to 1.02) * 0.97(0.91to 1.04) *
Central America (n=3)
S5years 1.09 (0.85 to0 1.39) —— 1.13(0.72t0 1.78) —_—— 1.04(0.87t0 1.21) -~
2 years 0.97(0.83t01.13) -6~ 0.80(0.61 to 1.06) -— 1.03(0.75t0 1.31) ——
1year 1.03(0.96t0 1.11) * 0.97 (0.88 to 1.07) L g 1.01(0.881t01.17) -o-
South America (n=29)
Syears 1.43(1.19t0 1.67) —o— 1.06 (0.84 t0 1.33) —— 1.25(1.05t0 1.45) —o—
2 years 1.23(1.08 to 1.38) -o- 1.07 (0.92 t0 1.24) -o- 0.88(0.71t0 1.09) -
1year 1.03(0.96t0 1.11) * 0.99 (0.94 to 1.05) * 1.00(0.93 t0 1.07) *
South Africa (n=50)
S5years 1.03(0.95t01.12) R 2 0.99(0.78t0 1.24) —— 1.21(1.05t0 1.37) -~
2 years 1.00(0.92 to 1.08) > 0.95(0.83 to 1.09) - 1.02(0.87t0 1.19) -o-
1year 0.98(0.95t0 1.0 * 0.96 (0.91 to 1.02) * 0.98(0.91t0 1.05) *
Australia (n=3)
S5years 0.82(0.64 to 1.05) -o— NA NA
2 years 0.85(0.74t0 0.99) -&- NA NA
1year 0.99(0.90to 1.09) 4 NA NA
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Fig 3 | Cumulative relative risks of all cause, cardiovascular, and respiratory mortality associated with exposure to extreme rainfall events with three
different return periods across all locations, and by territory or region. Cl=confidence interval; NA=not available

events with a one year return period showed no effect
on either cardiovascular or respiratory mortality. The
lag-response function results (see supplementary figure
S2) indicate that the peak relative risk occurred on the
day of the event (lag 0), with a substantial decrease

observed by lag 3 to 4 days. Sensitivity analyses (see
supplementary file) further confirmed the robustness
of these findings.

Figure 4 illustrates the distinct intensity-response
associations between PE, and all cause mortality. The
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Fig 4 | Exposure-response function of the relative risks of all cause, cardiovascular, and
respiratory mortality associated with daily accumulated rainfall exceeding the two year
return period threshold (PE,). The return period is the expected average time between
occurrences of an extreme event of a certain magnitude

association displayed a negative trend when PE, was
below a critical threshold. However, the curve showed
a consistent upward trajectory once PE, surpassed
50%, with a substantial positive effect emerging as
PE, surpassed about 100%, indicative of rainfall
intensities more than twice the threshold for the two
year return period. The pattern for cardiovascular
mortality closely mirrored that of all cause mortality,
which initially presented a negative association but
shifted to a positive association at higher PE, values.
The association for respiratory mortality escalated
steeply and more pronouncedly with increasing PE,
values.

Regional specific analyses revealed variations in the
relative risk of daily mortality associated with different
rainfall events (fig 3). For events with a two year return
period, the relative risk ranged from 0.85 (95% CI 0.74
to 0.99) in Australia to 1.23 (1.08 to 1.38) in South
America. This variation became more pronounced

thebmyj | BMJ2024;387:e080944 | doi: 10.1136/bmj-2024-080944

for events with a five year return period, with the
relative risk in South America reaching 1.43 (1.19 to
1.67). When regions were compared, the estimated
impact of extreme rainfall events on mortality in South
America was notably higher than the global average
for both two year and five year return periods. North
America’s estimates were close to the global average.
Additionally, increases in mortality risk (P<0.05) were
observed with five year return period events in eas
Asia, North America, and South America. When healt
outcomes were compared, risk ratios for respirato
mortality exceeded those for cardiovascular mortalit
across most regions.

The analyses of effect modification (see table 1 an
supplementary figures S3-S7) revealed that clima
types modified the mortality risk associated wit
extreme rainfall events with a five year return perlod
The relative risk of all cause mortality was foun
to be higher in locations characterised by scarc
vegetation coverage or lower variability in dail
precipitation (P<0.05). Additionally, a statisticall
significant association with all cause mortality wa
observed predominantly in lower income countries
The association with respiratory mortality was als
more pronounced in locations with scarce vegetatio
coverage and lower variability in daily precipitation
Evidence that average annual precipitation an
population density modified these associations is
however, limited.
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Discussion

In this study, we performed an analysis of mortalit
risks associated with extreme rainfall using
large dataset covering 34 countries or regions an
employing a uniform methodology to define rainfal
events based on intensity, frequency, and duratio
Our analysis identified associations between extrem
rainfall events and daily mortality from all causes
as well as specifically from cardiovascular an
respiratory diseases. Furthermore, the 1nten51ty
response functions revealed a protective effect o
daily rainfall at moderate to heavy intensities, whic
transitioned to a marked increase in mortality risk a
extreme rainfall intensities. Moreover, the substantia
health effects of these extreme rainfall events wer
found to vary by climate types. Extreme rainfall event
were more severe in locations with lower variability o
precipitation or scarce vegetation coverage. Our stud
utilised a comprehensive database encompassin
information from multiple countries, territories, an
continents. The analysis incorporated death records
from numerous locations from 1980 to 2020, providing
a global perspective on the effect of extreme rainfall
events on health.

Only a few studies have explored the association
between exposure to rainfall events and risk of
mortality from non-external causes, with results
showing notable inconsistencies.”>* This variation
might be attributed to the lack of a consistent definition
of rainfall events and the limited geographical scope
of most previous investigations. Similar to our results,
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Table 1 | Cumulative relative risks of daily mortality associated with exposure to extreme rainfall events with a five year return period* by climate

zones, precipitation conditions, socioeconomic status, income class, vegetation coverage, and population density

Climate zonest

All cause mortality

Cardiovascular mortality

Respiratory mortality

Relative risk (95% CI) P value for difference Relative risk (95% ClI)

P value for difference Relative risk (95% Cl) P value for difference

Tropical (n=81) 0.95 (0.84 to 1.06) Ref 0.81 (0.60 to 1.03) Ref 0.99 (0.83 t0 1.15) Ref
Arid (n=48) 1.17 (1.04 to 1.30) 0.01 1.08 (0.97 t0 1.19) 0.02 1.23 (0.90 to 1.56) 0.23
Temperate (n=405) 1.08 (1.03t0 1.12) 0.03 1.03 (0.95t0 1.11) 0.045 1.29 (1.08t0 1.51) 0.02
Continental (n=111) 1.03(0.93t01.13) 0.06 0.93 (0.81 to 1.05) 0.26 1.25 (1.03 to 1.47) 0.05 E
Annual average precipitation (mm) =
«834.5 (n=158) 1.10(0.93t0 1.27) Ref 1.08 (0.92 t0 1.26) Ref 1.30 (0.98 t0 1.63) Ref g
834.5-1231.5 (n=166) 1.05 (0.95 to 1.15) 0.27 1.08 (0.93 to 1.26) 1.00 1.23 (1.05t0 1.51) 0.73 @
1231.5-1487.8 (n=166) 1.07 (0.93t0 1.21) 0.61 0.93 (0.86 t0 1.01) 0.54 1.20 (1.10t0 1.29) 0.46 g
»1487.8 (n=155) 1.07 (0.93 to 1.21) 1.00 0.99 (0.86 t0 1.12) 0.15 1.24 (0.96 to 1.53) 0.38 <
Daily precipitation SD (mm) ‘xd
4.6 (n=156) 1.13 (1.04t0 1.21) Ref 1.10 (1.05t0 1.15) Ref 1.45 (1.13t0 1.77) Ref ]
4.6-6.9 (n=158) 1.01 (0.93 t0 1.09) 0.01 1.03 (0.98 t0 1.08) 0.22 1.13(0.97 to 1.29) 0.08 g
6.9-8.3 (n=173) 0.95 (0.90t0 1.01) 0.01 1.04 (0.89 to 1.30) 0.21 1.21 (0.95 to 1.47) 0.135 C_—!,
»8.3 (n=158) 1.02 (0.95 to 1.09) 0.02 0.99 (0.82to 1.16) 0.07 1.20 (0.95 to 1.45) 0.10 ‘f
Income class =
Low (n=146) 1.18 (1.05t0 1.31) Ref 1.09 (0.93 to 1.25) Ref 1.29 (1.11to 1.47) Ref c
Lower middle (n=355) 1.09 (0.94 to 1.24) 0.08 1.07 (0.95t0 1.19) 0.46 1.20 (1.04 to 1.36) 0.51 =
Upper middle (n=54) 1.04 (0.93t0 1.15) 0.47 1.03(0.95t0 1.11) 0.52 1.20(0.95t0 1.45)  0.71 «::3
High (n=90) 1.03 (0.74 t0 1.32) 0.07 1.04 (0.77 to 1.31) 0.31 1.27 (0.91t0 1.63) 0.84 o
Average vegetation coverage (%) i~
<72.8 (n=164) 1.20 (1.10 to 1.30) Ref 1.04 (1.01 to 1.07) Ref 1.79 (1.31t0 2.27) Ref g
72.8-79.0 (n=171) 1.07 (1.01t0 1.13) 0.10 0.98 (0.84 t0 1.12) 0.44 1.19 (1.07 to 1.31) 0.035 [z
79.0-83.3 (n=159) 0.96 (0.90 t0 1.02) 0.01 0.99 (0.84 to 1.14) 0.77 1.10 (0.95 to 1.25) 0.015 ®
»83.8 (n=151) 0.97 (0.90 to 1.04) 0.01 1.06 (0.85 to 1.27) 0.67 1.12 (0.90 to 1.34) 0.02 o
Population density (people/km?) 8
<116 (n=167) 1.04 (0.96 to 1.16) Ref 1.02 (0.98 to 1.06) Ref 1.27 (0.98 to 1.46) Ref 3
116-301 (n=174) 1.15 (0.83 to 1.47) 0.41 1.05(0.99t0 1.11) 0.38 1.18 (1.06 to 1.30) 0.76 =y
301-998 (n=170) 1.35 (0.65 to 2.05) 0.415 0.97 (0.90 to 1.14) 0.78 1.15 (0.98 to 1.33) 0.48 X
»998 (n=134) 1.05 (0.94 t0 1.18) 0.91 0.97 (0.86 to 1.09) 0.57 1.10 (0.79 to 1.63) 0.48 [}
Cl=confidence interval; SD=standard deviation. g_
*The expected average time between occurrences of an extreme event of a certain magnitude. o
tTropical zone was selected as reference for this part of comparison (see supplementary table $6). This climatic zone identified the highest frequency of extreme rainfall events, which providesa .
more stable estimate for reliable statistical comparisons. g
3.
=}
©

many studies have found harmful effects of extreme
precipitation. A study in rural Bangladesh observed a
0.6% increase in daily mortality for every additional
millimetre of rainfall beyond 100 mm per day in the
5-19 age group.”®> A study in Burkina Faso found an
increased risk of malaria related death associated with
precipitation levels >453 mm." Additionally, a notable
connection has been observed between thunderstorms
accompanying extreme rainfall and an increase in
respiratory morbidity and mortality, especially in
people with asthma.”” > However, limited studies have
shown either insignificant effects or protective effects
of rainfall, aligning with certain aspects of our findings.
A recent study in tropical regions of Africa found no
significant association between extreme rainfalls and
incidence of respiratory diseases among children.™
A study in India observed a significant reduction in
risk of all cause mortality during the first week after
extreme rainfall.? Similarly, research conducted in
rural areas of Ecuador found that extreme rainfall
events were associated with a decreased incidence
of diarrhoea after wet periods.’” These findings align
with our observations that some levels of precipitation
may not only be non-detrimental but could also offer
certain protective effects.

Biological mechanisms

Although the biological mechanisms linking rainfal
intensity with health outcomes are not fully elucidated
several plausible explanations may be helpful t
clarify the complex association observed in our studyg
Firstly, moderate to high intensity rainfall may exer®.
protective effects through two primary mechanisms2.
Improvement in air quality (rainfall can decrease the=:
concentration of PM, ; particles in the atmosphere,sg
potentially mitigating its adverse effects on all cause3
respiratory, and cardiovascular mortality), andS
behavioural changes (rainfall may alter people’s dailyg—
patterns, leading to more time spent indoors).>® Thi{2.
reduction in direct exposure to outdoor air pollutiorfg
and non-optimal temperatures could explain the
protective effect observed on various health outcomes
when intensity is not extreme. Secondly, as rainfall
intensity increases, the initial protective effects may
be affected by a cascade of negative impacts: Critical
disruptions to resources, physiological impacts, and
indirect effects.

Critical resource disruptions—Intense rainfall can
cause major disruptions to healthcare access. It might
damage infrastructure, leading to power outages and
hindering essential medical services, both of which can
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particularly affect older people and those with chronic
illnesses, who often require consistent access to drugs
and healthcare.’® Intense rainfall can compromise
water and food quality by allowing pathogenic
microorganisms to reproduce and spread,®’ leading
to diarrhoeal diseases, infections, and associated
mortality.®? ¢

Physiological effects—Increased humidity levels
facilitate the growth of airborne pathogens,®
potentially triggering allergic reactions and respiratory
problems, particularly in vulnerable individuals.®®
Rapid shifts in atmospheric pressure can reduce the
partial pressure of oxygen in the body,®® ¢ leading
to cardiovascular and respiratory complications.®
Furthermore, major temperature fluctuations often
accompanying rainfall days can affect both respiratory
and cardiovascular systems.®®

Indirect effects—Extreme rainfall can have profound
effects on mental health, inducing stress and anxiety
that may exacerbate pre-existing mental health
conditions®® and indirectly contributing to increased
total mortality from non-external causes. Overall,
these pathways elucidate the complex associations
between rainfall intensity and health outcomes
observed in our study. Moderate rainfall (PE, <100%)
shows protective effects, whereas intense rainfall (PE,
>100%) leads to important harmful effects as negative
factors accumulate. Supplementary analysis of the
five year return period threshold also corroborated
these findings, showing a weaker protective effect and
a rapid transition to harmful impacts beyond 50% of
the threshold rather than 100% as seen with PE, (see
supplementary figure S7). Moreover, the rapid onset
of these negative factors during extreme rainfall days
explained the observed lag pattern (see supplementary
figure S2), with health effects most pronounced on the
first day and then gradually diminishing.

We found several factors that could influence the
variability in the health effects of extreme rainfalls.
Notably, the associations were modified by climate
types and baseline variations in rainfall intensity. Many
studies have identified an association between a region’s
resilience to extreme climate events and its natural
conditions.”® ! Areas with stable rainfall patterns, such
as arid regions or areas with low variability in rainfall,
often have weaker adaptive capacities for heavy
rainfall. A recent study suggested that the risk of rainfall
associated infectious diseases is more pronounced in
arid areas, likely due to the more major environmental
changes caused by brief heavy downpours.”?
Furthermore, many studies have highlighted a negative
correlation between per capita gross domestic product
and mortality resulting from extreme climate events.”>7*
This finding suggests that socioeconomic development
enhances urban resilience and the ability to respond
rapidly to extreme rainfall related disasters. Conversely,
unemployment and social inequality can exacerbate
health problems during such events. It has also been
noted that the effect of extreme rainfall is influenced by
vegetation coverage, with higher vegetation coverage
correlating with greater adaptive capacity for managing
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the consequences of extreme rainfall.”” In contrast,
we found no significant effect modifications linked to
annual average precipitation and population density.
Greater cumulative rainfall does not necessarily equate
to a higher frequency of extreme rain events. Adaptation
to extreme rainfall is most noticeable in areas with
more frequent and variable rainfalls.”® Additionally,
population density does not indicate socioeconomic
conditions or residential environments,”’ and thus it-g
does not serve as a reliable predictor of resilience tdp
disasters. Regional variations in the effects of extremq%
rainfall can be attributed to several factors, in additiorg
to the varying adequacy of identified total events. Ii<
east Asia, higher intensity of extreme rainfall events
(fig 2) coupled with rapid urbanisation and reduce@
green space coverage (see supplementary figure SSE
could increase overall vulnerability. In North America;™
varying green space coverage (see supplementary ﬁgure‘-’»;'
S5) combined with ageing infrastructure, inadequate=’
updates to drainage and water management systemszs’
and uneven distribution of resources, are importanf®
explanatory factors for the observed effects.”® In SouthS
America, major effects likely arise from limited access tdj;
medical resources.”

Policy implications

Our findings have some practical implications. Polic
makers should be aware of the implications of rainfal
related risks on public health, encompassing bot
non-communicable and infectious diseases. Hospitals,
and clinicians need vigilance when monitoring andg
managing patients during the rainy season, ancg-
researchers need to investigate the exact mechanism&
that could then be targeted by systematic protectives,
action. Considering the health risks associated wit}g-
the modification of rainfall by local climatic condition§?
and vegetation coverage, localised or health educatior®
initiatives centred on communities would be imperativeg;’
to increase awareness about the risks to health of5’
severe rainfalls, and increasing vegetation coverage ig
a reasonable adaptation strategy. A multidisciplinary,
approach and integrated strategies are essential ta.
navigate public health interventions to cope with2.
extreme rainfall. This necessitates not only the=:
fortification of meteorological observation and earlyg’x
warning systems but also the implementation of robus@
measures across urban planning and social securitys
sectors to bolster the resilience of communities and2
individuals against disasters.
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Limitations of this study

This study has some limitations. Firstly, although the
analysis included 34 major counties or regions on six
continents, the analysed locations were mainly located
in east Asia, Europe, and North America, with fewer
in Latin America and Africa. This limitation restricts
the global representativeness of the estimated risks.
Furthermore, the study areas were all urban centres,
therefore the associations between extreme rainfall
and mortality might differ in rural areas, and we only
used mortality statistics from nearly 700 cities globally.
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Although our results provide a broad, population level
perspective, they do not capture granular details of
individual factors such as age, sex, race, urban/rural
residence, or specific clinical settings. In addition, this
study could be limited by its ecological study design
as with most previous epidemiological studies on
the impact of climate related events.?® ®° As such, this
study was unable to analyse specific personal factors,
interventions, or clinic based practices. A more granular
study focusing on individual features or clinical
settings would be a valuable next step in this line of
research. Secondly, the accuracy of our assessment
outcomes may be influenced by potential exposure
misclassification arising from our reliance on modelled
output precipitation data.®! This issue might further be
compounded by the limited spatial resolution inherent
in the rainfall databases employed. We incorporated
a diverse array of rainfall databases to sensitively test
our findings. Thirdly, in a global study spanning several
decades, diagnostic or coding errors in health data
may have occurred. The effect of these errors on our
results is likely to be minimal, however, given most data
used in this study were from urban centres and from
government data sources. Finally, our analysis captured
only a part of the health effects of heavy rainfalls. It
notably lacked data such as hospital admission records
and health outcome data from rural areas and excluded
data on external causes of mortality. These limitations
highlight the need for further comprehensive studies
to evaluate a broader range of health effects associated
with extreme rainfall events.

Conclusions

Our multicountry analysis provided epidemiological
evidence  for  associations between  heavy
rainfall events and mortality from all causes and
cardiovascular or respiratory causes, based on a
global dataset and standard statistical methods.
Notably, the intensity-response curves for the health
effect of heavy rainfalls showed a non-linear trend,
transitioning from a protective effect at heavy rainfall
levels to a risk of major harm as rainfall intensity
became extreme. Furthermore, the significant effects
of extreme events were modified by climate types and
were most pronounced in locations characterised by
low variability in precipitation or scarce vegetation
coverage. These findings underscore the need for
comprehensive public health strategies, developed
through collaboration among meteorological, public
health, and urban planning sectors. Such strategies are
crucial to mitigate the broad health effects of extreme
rainfall. This is especially important considering the
well established trend of increasing short term rainfall
intensity as a result of climate change.
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