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Abstract

Waterborne diseases are caused by pathogens that are transmitted 
via ingestion of contaminated water and remain a leading cause of 
death particularly in young children. Climate change threatens to 
undermine the progress that has been made in reducing waterborne 
diseases. In this Review, we explore how meteorological conditions 
that are influenced by climate change, including temperature, heavy 
rainfall and flooding, drought, and extreme weather, affect the biology 
and transmission of waterborne pathogens, with a focus on those 
that spread via the faecal–oral route. We discuss evidence that these 
impacts vary across pathogens and consider how such information is 
used to project disease risks under future climatic conditions, including 
incorporating social vulnerability and pathogen-specific outcomes 
to more accurately estimate future disease burden. We also review 
strategies to blunt climate-related increases in waterborne diseases, 
including vaccination; water, sanitation and hygiene interventions; 
and enhanced surveillance. As climate change continues to alter our 
global environment, understanding its impacts on waterborne diseases 
can improve our ability to reduce climate harms, identify and protect 
vulnerable populations, and develop evidence-based approaches to 
promote population health.
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displaced populations, conflict and poor infrastructure. The number 
of countries affected by cholera has grown rapidly in recent years 
(from 45 countries in 2023 to 60 in 2024), with 12 countries report-
ing greater than 10,000 cases in 2024 (ref. 4). In populations with 
advanced drinking water systems such as the USA, waterborne disease 
outbreaks causing hospitalizations and deaths regularly occur, particu-
larly among young children and elderly populations. These outbreaks 
have been linked to recreational water exposure and stressors on water 
treatment and sanitation infrastructure5,6.

Despite increases in some specific diarrhoeal diseases, global 
diarrhoea mortality has declined markedly since 1990 (ref. 3), but cli-
mate change threatens that progress. There is consensus that climate 
change affects waterborne diseases, with growing impacts expected 
in the coming decades7.

Climate change-induced changes to an array of meteorological 
conditions occur over both the short-term and long-term, including 
rising ambient temperatures and sea levels, altered precipitation pat-
terns that increase the frequency of both heavy rainfall and drought 
and, in temperate climates, earlier springs and later autumns7,8. It also 
includes increases in acute weather events such as cyclones, hurricanes 
and flooding7,8. Each of these changes can affect the spread of water-
borne diseases differently. Understanding the impact of climate change 
on waterborne diseases requires considering the full set of climatic 
changes that are occurring, across different timescales and often with 
delayed or lagged effects, and recognizing that climate events alone 
or in combination may amplify (or dampen) risks.

The Intergovernmental Panel on Climate Change (IPCC) states 
that waterborne diseases have increased due to higher temperatures 
(very high confidence), heavy rainfall (high confidence) and flooding 
(medium confidence). They state with high confidence that future 

Introduction
Since the time of John Snow’s pioneering investigations of the source 
of the cholera epidemic in London in the 1850s1, it has been recognized 
that infectious pathogens can spread via water. Today, the term ‘water-
borne diseases’ includes illnesses (most commonly diarrhoea) that are 
caused by the ingestion of pathogens, typically from human or animal 
waste, often via drinking water. Most of these pathogens can also be 
transmitted via other means, such as the ingestion of contaminated 
food, hand-to-mouth contact with pathogens in soil or on fomites, and 
via aerosolization. Waterborne diseases occur worldwide, but they are 
most common in areas with inadequate sanitation and drinking water 
infrastructure, where exposure to faecal contamination is high. In this 
Review, we focus on pathogens causing waterborne diseases via the 
faecal–oral route, which are represented across a range of taxa, includ-
ing viruses (for example, norovirus and hepatitis A virus), bacteria 
(for example, diarrheagenic Escherichia coli and Vibrio cholerae), and 
protozoa (for example, Cryptosporidium) (Table 1).

Waterborne diseases are a major cause of morbidity and mortality, 
particularly in children under the age of 5 years and in lower and middle 
income countries (LMICs)2. These diseases are the primary cause of 
infectious diarrhoea, which is responsible for nearly 1.2 million deaths 
globally3. In 2021, the top three causes of diarrhoeal deaths across 
all ages were rotavirus, norovirus and Cryptosporidium3. In children 
<5 years of age, the top three causes were rotavirus, Shigella spp., 
which can cause bloody diarrhoea (dysentery) and adenovirus. Crypto-
sporidium spp., atypical enteropathogenic E. coli (aEPEC) and entero-
toxigenic E. coli producing heat-stable toxin (ETEC-st) were also major 
contributors to diarrhoeal deaths in young children2. The global burden 
of cholera, which accounts for approximately 8% of diarrhoea deaths 
in young children3, is more localized, and concentrated in areas with 

Table 1 | Evidence of climate impacts on select waterborne diseases spread via the faecal–oral route

Waterborne disease agent Epidemiological evidence Mechanisms by which meteorological factors affect pathogen, host and 
environment

Cryptosporidium 
(protozoan)

Cryptosporidiosis increases at higher 
temperatures87,138

Increases in cryptosporidiosis following heavy 
rainfall138,139, with stronger associations seen 
when rainfall occurred after dry periods139,140

Agent: thick-walled protozoan pathogen survives longer at higher temperatures, 
up to an optimum; is vulnerable to desiccation following prolonged dry periods141

Host: drought can lead humans and other animal hosts to share water sources, 
facilitating human exposure to pathogens shed by bovines and other competent 
species142

Environment: heavy rainfall can mobilize agricultural waste, particularly cattle and 
dairy farm waste, into water sources used for drinking water and crop irrigation143,144

Pathogenic Escherichia 
coli including Shigella spp. 
(bacterium)

Diarrhoea cases due to pathogenic E. coli, 
including Shigella spp., are more common in 
warmer months15,19

Increases in diarrhoea due to enterotoxigenic 
E. coli, Shigella spp. and pathogenic E. coli 
generally following flooding54,145,146

Agent: increased survival and replication at higher temperatures up to an 
optimum20,147

Host: flooding can increase contact with contaminated water sources54,148. 
Higher temperatures, including lack of refrigeration, can facilitate food spoilage15

Environment: heavy rainfall and flooding can mobilize faecal waste to 
agricultural fields and drinking water sources62

Norovirus, rotavirus and 
adenovirus (virus)

Most viruses, including norovirus, rotavirus and 
adenovirus, show higher prevalence at cooler, 
dryer conditions149–151. This typically aligns with 
viral peaks during cooler and dry seasons, 
although evidence of distinct seasonal variability 
may be more prominent in temperate regions 
compared with regions with consistently warm 
or consistently cool climates152–154

Viral outbreaks are commonly seen after severe 
rainfall events and floods54,104,138,155–157

Agent: decreased survival in water at higher temperatures and higher levels of 
replication at lower temperatures15,39,150,158

Host: peaks at cooler temperatures may be strongly influenced by demographic 
factors, such as birth rates, and human behaviours, such as crowding and 
more time spent indoors154,159. Vaccinations against norovirus and rotavirus may 
improve immunity and lower risks83,150,160

Environment: viral pathogens can be spread through surface water, groundwater 
and drinking water. The suspension and transmission of pathogens can be 
exacerbated by heavy rainfall events and flooding, particularly in dense urban 
settings with poor drinking water and sanitation infrastructure63,64,161,162

The waterborne diseases in this table represent bacteria, viruses and protozoa, and were selected based on the pathogens identified as the predominant cause of the global diarrhoeal disease 
burden in the most recent Global Burden of Disease estimates3. For a complete list of waterborne diseases spread via the faecal–oral route, see Table 7.1 of the WHO Guidelines for Drinking 
Water Quality14.
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warming will increase waterborne disease risks7. Vulnerable popula-
tions and regions are expected to face greater risks, further deepening 
existing inequalities9,10. This creates the potential for compounding 
impacts, particularly among young children in LMICs, as they face 
both high waterborne disease burden and greater climate change 
driven increases in waterborne disease risk11 (Box 1). The most recent 
available estimate from the WHO suggests that between the years 2030 
and 2050, there will be an additional 48,000 diarrhoea-related deaths 
per year in children under age 15 years owing to climate change12. The 
expected climate-related increase in the global diarrhoeal disease 
burden threatens to undo decades of progress made so far through 
public health and water, sanitation and hygiene (WASH) infrastructure 
development and disease control campaigns9,13.

There is increasing clarity regarding the mechanisms by which 
meteorological conditions can impact waterborne diseases. Warmer 
temperatures can increase the survival and reproduction of bacterial 
pathogens in environmental media such as soil or faecal sludge, up to an 
optimum, at which point survival declines8,14. Increases in precipitation, 
storm surges and sea level rise can contribute to flooding and runoff 
that can bring sewage and waterborne pathogens into contact with 
humans15. Drought can concentrate enteropathogens in scarce water 
supplies and increased temperatures can lead to greater consumption 
of potentially contaminated water sources14,16.

In this Review, we describe our current understanding of the 
relationships between climate change and waterborne diseases. This 
includes the fundamental relationships between climate exposures and 
waterborne diseases, as well as the socioeconomic and environmental 
conditions that can exacerbate climate impacts on waterborne diseases 
(Box 1). We explore methodological advances and describe best prac-
tices for methods to estimate the future burden of waterborne diseases 
under different climate scenarios and discuss interventions that can 
reduce climate impacts. Throughout, we highlight areas of consensus 
and knowledge gaps, including the urgent need to evaluate the impact 
of interventions that build resilience to climate change and dampen 
the spread of waterborne diseases in a changing climate.

As mentioned above, in this Review, we focus on waterborne dis-
eases that spread via the faecal–oral route for a rigorous consideration 
of the existing literature and the mechanisms governing climate–
disease relationships. Waterborne diseases transmitted via pathways 
other than faecal–oral routes are outside the scope of this review, 
including dermal (for example, schistosomiasis and hookworm) or 
ocular (for example, trachoma) routes, diseases that require water 
availability for vectors (for example, malaria) or diseases related to 
water systems (for example, legionellosis). A complete list of water-
borne pathogens considered in this Review is provided in Table 7.1 of the 
WHO Guidelines for Drinking Water Quality14, noting that we exclude 
parasites and macroparasites such as dracunculiasis because, although 
they are acquired via unsafe drinking water and recent work highlights 
its climate sensitivities, it is not spread via the faecal–oral route.

Effects of meteorological conditions
Climate change and the infectious disease triad
Waterborne diseases occur at the intersection of the three compo-
nents of the classic epidemiological triad for infectious diseases: agent, 
host and the environment (Fig. 1). Evidence of climate impacts on 
high-burden pathogens, and the mechanisms by which climate change 
may alter the agent, host and environment are provided in Table 1 for 
representative bacterial, protozoan and viral agents. Climate change 
has an impact on the fate and transport of waterborne pathogens and 

ultimately the risk of waterborne diseases by affecting each compo-
nent of the triad: climate change can alter the survival, reproduction, 
virulence and die-off rates of pathogens, it can alter the distribution, 
behaviour, and susceptibility of human hosts, and it can affect water 
and sanitation infrastructure and the mobilization of pathogens across 
environments.

The impacts of climate change on waterborne diseases vary by 
pathogenic agent. Diarrhoeal diseases are caused by various viral, bac-
terial and protozoan pathogens (and diarrhoea also has non-infectious 
aetiologies). Asymptomatic infections that do not cause diarrhoea in 
the host are also common and important influences on community 
transmission (Box 2). Although early studies of the impact of climate 
on waterborne diseases generally focused on all-cause diarrhoea17, 
with cholera as a notable exception18, research has shifted towards 
examining the relationship between climate and specific waterborne 

Box 1 | The importance of social 
vulnerability in estimating the impacts 
of climate on waterborne diseases
 

The health impacts of climate change are unevenly distributed 
across the globe11, both because changes in climate vary regionally 
and because climate rarely acts alone. Social, economic and 
infrastructural conditions shape population vulnerability and can 
amplify the effects of climate hazards11. Populations in resource- 
limited settings often face worse health impacts of climate 
exposures owing to their higher level of social vulnerability163.

Social vulnerability can be defined as a function of exposure, 
sensitivity and adaptive capacity13,164. Exposure refers to the degree 
to which a population may experience a given hazard, including 
the timing, frequency and intensity of events. Sensitivity reflects 
underlying population characteristics that may magnify health 
effects following an exposure. Sensitivity can include biological 
characteristics, such as age or comorbid conditions, or social 
characteristics, such as housing status or water, sanitation and 
hygiene (WASH) infrastructure. Adaptive capacity refers to the 
ability to respond to hazards and bounce back in ways that 
reduce future vulnerability. Adaptive capacity is shaped by factors 
including governance, social capital and infrastructure. For 
example, climate-related damage to WASH systems can amplify 
the waterborne disease burden in populations that lack the financial 
resources, political capital and technical training to rapidly repair 
infrastructure67.

Accounting for social vulnerability is essential to defining climate 
risks to waterborne diseases and guiding targeted intervention 
strategies that reduce (instead of amplify) health inequalities in the 
face of climate change. Models that ignore social vulnerability can 
underestimate risks, particularly in settings with high levels of social 
vulnerability164. The Intergovernmental Panel on Climate Change 
(IPCC) has developed the shared socioeconomic pathways (SSPs), 
which incorporate many aspects of social vulnerability into climate 
projections122. The SSPs together with research that evaluates 
empirical relationships between climate exposures, vulnerability 
factors and waterborne diseases are essential for producing more 
accurate risk estimates and high-impact interventions tailored to 
local contexts.
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pathogens15,16,19. This research has shown that seasonal patterns of 
diarrhoeal diseases vary by taxonomic categories: bacterial patho-
gens typically peak in warmer, wetter conditions and viral pathogens 
typically peak during cooler, dryer conditions16,20,21. These patterns are 
probably driven by factors related to the biology of the pathogen as 
well as host behaviour that impacts pathogen-specific exposure and/or 
shedding. This is also consistent with the aforementioned infectious 
disease triad, as different waterborne pathogens have differing abili-
ties to survive and multiply under different environmental conditions 
linked to climate, such as temperature and soil moisture.

The pathogen taxa, host species range and routes of exposure 
(governing interactions between host and agent) have important impli-
cations for how climate change impacts waterborne disease spread, 
prevention and treatment22. Some waterborne pathogens are limited 
to human populations, whereas others are zoonotic such that wildlife 
and/or domestic animals can contribute to their spread. For example, 
eggs of the protozoan Cryptosporidium may be shed by wild animals in 
remote environments, the eggs can survive for months in the environ-
ment, including in water reservoirs, and humans can become infected 
when drinking untreated water23. By contrast, the bacterium V. cholerae, 
which primarily infects human hosts and is transmitted through con-
taminated environmental reservoirs, leads to profuse watery diarrhoea 
shortly after ingestion24. If this waste is not contained, such as in areas 
with poor sanitation, rapid growth of human cholera cases and rapid 
death by dehydration can occur25. Rotavirus is a leading cause of diar-
rhoea in young children and thought to be primarily spread via hand-to-
mouth contact when children’s hands are contaminated with stool, 
particularly in LMICs26,27. In higher-income countries (HICs) rotavirus 
is a key challenge for childcare facilities and evacuation centres during 
severe weather26,28.

In the following section, we describe our current understanding of 
the relationships between waterborne diseases and specific meteoro-
logical conditions that are being altered by climate change (Fig. 2). We 
review the epidemiological literature documenting climate–diseases 
relationships, plausible mechanisms that explain these relationships 
and the rigour of the evidence for hypothesized mechanisms.

Temperature
Epidemiology. There is consistent evidence that temperature is 
strongly correlated with the incidence of diarrhoea, and the relation-
ship varies by the causative agent15,29: The incidence of diarrhoea caused 
by bacteria and protozoa tend to increase with warmer temperatures, 
whereas the opposite is the case for viruses. Peaks in diarrhoea cases in 
rainy, hotter seasons are commonly caused by bacterial pathogens such 
as pathogenic E. coli19, Shigella spp.30, Salmonella spp.31 and Campy-
lobacter spp.32. Recent studies have also found that heatwaves are 
associated with an increase in all-cause and bacterial diarrhoea33–35.

Mechanisms. Temperature has been shown to affect pathogen sur-
vival, virulence and replication. Bacteria can replicate more rapidly at 
higher temperatures with proper nutrient levels and can even express 
more virulence genes at higher temperatures36–38, whereas viral patho-
gens tend to have higher rates of replication at lower temperatures15,39. 
For example, an in vitro study of Shigella growth on various foods 
(rice, potato, milk, fish, cucumber and so on) showed better growth 
conditions at 37 °C compared with 5 °C, whereas similar studies with 
rotavirus found higher infectivity at 4 °C compared with 20 °C (ref. 15). 
Temperature can also increase the duration of survival of bacterial 
pathogens in environmental media such as soil and water36. Proto-
zoan pathogens, such as Cryptosporidium, tend to have responses to  

Examples:
• ↑ Temperatures (environment) → ↑
 exposure to recreational water
 (host) and ↑ pathogen concentration
 in water (agent) → waterborne
 disease outbreak

Climate change can alter connections 
between agent, host and environment

Climate change can alter pathogen and host 
habitat, and can compromise infrastructure

Examples:
• ↑ Temperatures, drought → land
 use change → altered
 host–pathogen interactions
• Flooding → sanitation overflows
• Heavy rainfall → mobilization of
 pathogens

Climate change can alter survival,
reproduction and die-o� rates

Example:
• ↑ Temperatures → ↑ reproduction rates
• Drought → ↑ desiccation → ↑ die­o�
 rates

Climate change can alter host distribution, 
behaviour and susceptibility

Examples:
• Severe weather → population
 displacement
• Rainfall → altered drinking water
 source selection
• Drought → crop loss → nutrition
 deficiencies

Environment

Agent

Host 

Fig. 1 | Climate change and the infectious disease triad. The disease triad 
comprises the agent (pathogen), the host (human) and the environment. Scientific 
evidence suggests that climate change influences all three components, thereby 

increasing the risk and spread of waterborne diseases. The schematic depicts how 
climate change can impact each component of the triad, as well as contact between 
pathogens, hosts and the environment, and provides examples for each.
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temperature that are similar to those of bacterial pathogens, although 
studies on protozoan diarrhoea are more limited15,40. The environmental 
persistence of bacteria and protozoan pathogens with warmer tempera-
tures can expand the duration of human exposure and the concentra-
tion and virulence of pathogens when exposure does occur. It also can 
lead to compounding impacts when warm temperatures are followed 
by other meteorological events such as flooding that can mobilize 
pathogens, which increases human exposure. By contrast, warm envi-
ronments are suboptimal for viral pathogens, including norovirus and 
rotavirus, which have been shown to become undetectable after several 
days at temperatures of 30 °C due to reduced environmental stability 
at higher temperatures41. The evidence of temperature-dependent 
pathogen characteristics suggests that infections due to bacterial 
and protozoan pathogens are likely to increase with future increases 
in ambient temperatures, whereas viral infections may decrease.

Temperature can also affect host and environmental factors 
including exposure to recreational water, water consumption and 
safe drinking water access42,43. Recreational water exposure is typi-
cally highest in warmer months in temperate climates such as the USA 
and Canada, and thus higher temperatures and longer summers have 
the potential to increase exposure to waterborne pathogens due to 
more time spent at beaches, lakes and other water recreation44. More 
frequent pathogen exposures at higher temperatures may also be 
caused by an increased need for drinking water to maintain hydration 
in warmer conditions45. Temperature may also affect safe drinking 
water access in low-resource settings: a recent multicountry study in 
LMICs found access to safe drinking water decreased with increasing 
temperatures, and that these temperature-associated decreases in 
access were greatest for the lowest-income populations46. Although 
the mechanisms of this relationship are not fully understood, this 
suggests higher-income populations may be able to find alternate 
sources of safe drinking water, whereas lower-income populations 
are more sensitive to climate-related water shortages (see Box 1 for a 
more detailed explanation of social vulnerability and climate impacts). 
Cooler temperatures may enhance the spread of viral diarrhoea as 
people move indoors in cooler weather, although this hypothesis, even 
though commonly cited, is not well tested. However, viral diarrhoea 
commonly occurs within high-contact communities such as daycare 
centres, nursing facilities, cruise ships and hospitals47.

Heavy rainfall and flooding
Epidemiology. Heavy rainfall events, typically defined as rainfall above 
the 80th–90th percentile for a particular location, have consistently 
been associated with increases in diarrhoeal diseases48–51. There is also 
consistent evidence that heavy rainfall following dry periods is associ-
ated with risks of diarrhoeal illness52. Flooding, which can be caused by 
inadequate rainfall management infrastructure and/or heavy rainfall 
events, has also repeatedly been found to be associated with increases 
in waterborne diseases53,54. Several studies have shown that exposure 
to flooding is associated with a higher risk of diarrhoeal disease from 
pathogens including V. cholerae, rotavirus, E. coli, Shigella spp. and 
Salmonella spp.55–58. Evidence suggests a dose–response relationship, 
whereby higher levels of exposure to flooding are associated with 
higher risk of exposure to pathogens59.

Mechanisms. Rainfall and flooding can affect waterborne diseases via 
several mechanisms. First, heavy rainfall can facilitate the transport of 
pathogens from human and/or animal excreta in soils and subsurface 
environments into surface waters, groundwater and drinking water 

supplies20,60,61, All taxa of enteric pathogens (bacterial, protozoal and 
viral) can be resuspended and transported through the environment 
via rainfall, such as E. coli, Campylobacter, Cryptosporidium, Giardia, 
rotavirus and adenovirus62–64. Hydrological models have indicated 
that severe weather events can lead to both the transport of patho-
gens through overland floodwaters and resuspension of pathogens in 
sediment, which results in high concentrations of pathogens in surface 
waters during these events62,65,66.

Second, the influx of pathogens from various environmental 
sources mobilized during periods of higher rainfall and flooding can 
overwhelm water and sanitation infrastructure and attenuate their 
effectiveness in both high-resource and low-resource settings67–69. This 
can lead to increased pathogen exposure through the consumption 
of contaminated drinking water, food and direct human contact with 
pathogens in the environment70,71. Resuspension of sediments during 
heavy rainfall events can lead to high turbidity levels in source waters, 
which can overwhelm drinking water treatment infrastructure and 

Box 2 | Importance of asymptomatic 
infections
 

Although waterborne diseases cause symptomatic health outcomes, 
such as diarrhoea, asymptomatic infections also contribute 
substantially to population health and disease spread. Asymptomatic 
infections are highly prevalent in infants and young children globally165 
and they have lasting health impacts.

Frequent exposure to faecal pathogens in early childhood, 
even without overt symptoms, is associated with impaired nutrient 
absorption and environmental enteric dysfunction166, which is 
hypothesized to be a substantial cause of growth faltering167,168 
and other developmental impairments169–172. Chronic infections 
also alter the gut microbiome, including increased prevalence of 
pathogenic taxa, reduced beneficial taxa and decreased microbiome 
diversity166,173–176, changes that have been associated with disruption 
of key metabolic pathways and contribute to growth faltering and 
stunting174–177. As many infections in young children occur without 
symptoms, asymptomatic infections may be an important pathway 
for these long-term health impacts.

Even in the absence of symptoms, infections often result in a 
high rate of enteropathogen shedding in stool125,165 and therefore 
have an important role in community transmission of enteric 
disease171,172,178–181. For some pathogens, such as Salmonella enterica 
subsp. enterica serovar Typhi, chronic asymptomatic carriers may 
sustain transmission over long periods182. Studies that rely solely 
on diarrhoea to estimate health outcomes miss the key impacts 
of asymptomatic infections and are likely to underestimate true 
health burden.

Estimates of the future burden of waterborne disease must 
account not only for the increased risk of symptomatic infections 
attributed to climate change but also the burden of asymptomatic 
infections. The increasing use of stool-based pathogen detection 
now allows for more accurate assessments of asymptomatic 
infections and, therefore, more comprehensive estimates of disease 
burden183. Projection studies that consider both symptomatic 
and asymptomatic infections provide a more complete picture of 
climate change impacts on waterborne disease than those that rely 
on symptomatic infections alone.
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cause infectious disease outbreaks72. A high-profile cryptosporidiosis 
outbreak in 1993 in Milwaukee, Wisconsin, USA, led to an estimated 
400,000 cases of diarrhoea6,73. The outbreak occurred after heavy 
spring rains, which is likely to have facilitated pathogen introductions 
from farmland and contributed to the turbidity of intake water at a 
water treatment plant, compromising water disinfection processes5. 
A similar event occurred in the UK in 1992 (ref. 74). Heavy rainfall events 
can increase the level of groundwater, which leads to the flooding of 
latrines and septic systems, and the release of faecal waste in these sani-
tation systems53,75. In areas with combined sewerage and stormwater 
infrastructure, heavy rainfall can cause combined sewer overflows, 

which have been associated with increased gastrointestinal illness76–78. 
In HICs with well-developed water and sanitation infrastructure, the 
effects of heavy rainfall events manifest primarily under extreme con-
ditions when infrastructure is overwhelmed47,48. Flooding and excess 
rainfall can also lead to contamination of food supplies with waterborne 
pathogens, such as Salmonella spp., E. coli, Campylobacter spp. and 
norovirus79,80.

Third, the impact of heavy rainfall and flooding on waterborne 
diseases can depend on climate conditions preceding a rainfall or 
flooding event. In 1992 an outbreak of bloody diarrhoea was caused by 
E. coli O157 in southern Africa and occurred after a prolonged drought 

Excess rainfall/flooding can 
overwhelm water treatment 
and wastewater treatment 
infrastructure

Example: Cryptosporidium 
outbreak occurred when 
Milwaukee water treatment 
system was overwhelmed 
with spring runo�

Example: rotavirus is 
more prevalent at 
lower temperatures

Lower temperatures can lead 
to increased person-to-person 
transmission due to indoor 
crowding

High temperatures can 
lead to food spoilage

Higher temperatures 
can lead to proliferation 
of pathogens in soil

Example: E.coli and other 
bacteria reproduce more quickly 
at higher ambient temperatures

Water scarcity can lead 
to animals and humans 
sharing water sources

Rainfall, even in 
modest amounts, can 
lead to mobilization of 
pathogens in soil

Higher temperatures can lead 
to increased consumption of 
unimproved drinking water

Flooding can lead to 
population displacement 
and migration

Water scarcity can lead 
to proliferation of flies

Higher temperartures 
can lead to increased 
recreational exposure

Drought can lead to 
water intermittency 
and reduced water 
availability for 
hygiene

Regions with unimproved infrastructure All regions

Fig. 2 | Mechanisms whereby meteorological conditions can affect 
transmission of waterborne diseases. The schematic depicts examples 
of how changes in meteorological conditions that are being altered by climate 
change can impact exposure to waterborne pathogens. Mechanisms that can 
impact populations in any region are detailed in green boxes, such as increased 

exposure to pathogens in recreational surface water at higher temperatures. 
Some mechanisms are far more common in areas with inadequate water 
and sanitation infrastructure, and are detailed in yellow boxes. For example, 
in regions with inadequate sanitation infrastructure, heavy rainfall can lead to 
the mobilization of pathogens in soil onto food and drinking water sources.
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followed by heavy rains. The drought is thought to have stressed 
domestic animal populations, making them vulnerable to infection, 
and led humans and domestic animals to share water sources, thereby 
increasing human exposure to pathogens81. There is growing evidence 
in support of the concentration–dilution effect illustrated by that 
example, whereby rainfall after dry periods can mobilize pathogens 
that have accumulated in the environment, increasing pathogen con-
centrations in surface waters and delivering a pulse of contaminants52. 
This phenomenon can make the start of the rainy season a particularly 
risky time for waterborne pathogen exposure. Conversely, when rainfall 
occurs after wet periods, the concentration of pathogens can be diluted 
as runoff disperses into water sources. This concentration–dilution 
effect may be particularly important in dense, urban settings where 
impervious surfaces can facilitate more widespread environmental 
contamination from runoff61.

The risks from heavy rainfall and flooding vary across socioeco-
nomic conditions, WASH and agricultural practices21,46,61,82 (Box 1). For 
example, in a study conducted in northern coastal Ecuador, drinking 
water treatment was found to reduce the risk of diarrhoea following 
heavy rainfall events68. A recent multicountry study reported similar 
findings83, suggesting that some WASH infrastructure may reduce 
waterborne pathogen exposure following heavy rainfall and flooding, 
a theme we explore further below.

Last, rainfall and flooding may affect waterborne disease risks 
indirectly. For example, during periods of heavy rainfall, households 
living in areas with inadequate drinking water infrastructure may 
change their drinking water sources to unsafe water sources46,84,85 for 
reasons of convenience, cost or availability. This can lead to increased 
risk of waterborne pathogen exposure. Flooding may also contribute 
to the disruption of food production, contributing to malnutrition, 
which can increase susceptibility to enteric infection70,71,79.

Droughts
Epidemiology. A previous review concluded about a decade ago that 
there was insufficient evidence to determine the relationship between 
drought and diarrhoeal diseases, having identified only three relevant 
studies20. Since that time, several large studies have found exposure 
to drought is associated with an increase in diarrhoea in children86, 
cryptosporidiosis87,88 and cholera89. Studies were conflicted regard-
ing the impact of drought on giardiasis, with one finding very low 
precipitation was associated with long-term risk of giardiasis and 
another finding no evidence of a relationship87,88, which suggests that 
there remain gaps in our understanding, including which pathogens 
are most affected by drought conditions.

Mechanisms. Drought conditions can lead to the accumulation and 
concentration of pathogens in water sources and on surfaces, which 
increases opportunities for exposure20. The combination of drought 
followed by heavy rainfall can lead to a spike in pathogen exposure as 
the accumulated, concentrated pathogens are mobilized, as discussed 
above52.

Drought can also prompt changes in water supplies and human 
behaviours that, in turn, can have an impact on waterborne disease 
exposures. Reductions in water availability can lead to drinking water 
shortages and water intermittency, whereby water is not always avail-
able in piped water systems. Water intermittency creates the oppor-
tunity for microbial contamination in water systems due to pressure 
drops and infiltration of contaminants into water systems, and is 
estimated to be responsible for over 4.5 million cases of diarrhoea 

globally90,91. Limitations in water availability can also lead to house-
hold water storage, use of unsafe alternative water sources, more 
water sharing between households, and sharing of surface water 
sources with animals, all of which can increase exposure to waterborne 
pathogens92–94. For example, the aforementioned outbreak of E. coli 
0157 in Swaziland following a drought was partially attributed to water 
sharing between humans and domestic animals81. Droughts and water 
shortages can also reduce the amount of water available for personal 
and food hygiene, increasing the potential for exposure to pathogens 
via hands and food95.

Droughts can impede livestock and agriculture production and 
lead to population displacement, both of which have long-term effects 
on waterborne diseases. Low-precipitation and high-temperature 
conditions during droughts create poor conditions for agricultural 
development and livestock management96. These poor agricultural 
conditions can increase the risk of food insecurity and malnutri-
tion, which can increase population susceptibility to waterborne 
diseases97,98. Water scarcity due to droughts is also a common cause 
of population displacement, which can amplify poverty and crowded 
settlements, both of which can increase risks of waterborne disease 
transmission (see below)99.

Extreme weather events
Extreme weather events such as tropical cyclones and storms contrib-
ute to both immediate and long-term risks for waterborne disease trans-
mission. Tropical storms often bring heavy rainfall and flooding that 
facilitate direct exposure to waterborne pathogens, as described above. 
These events can also cause large-scale, lasting damage to infrastruc-
ture, including drinking water and sanitation systems. For example, 
in 2019 in Mozambique, cyclones Idai and Kenneth caused an estimated 
US$2.8 billion in infrastructure damage, which led to a cholera outbreak 
with more than 6,700 cases and 8 deaths100. Extreme weather events 
including floods, droughts and wildfires can also disrupt food systems 
by destroying crops and livestock, increasing vulnerability to food 
insecurity and malnutrition101,102. The displacement of populations due 
to evacuations and extreme weather damage can further exacerbate 
the risks of infectious disease transmission, particularly in crowded or 
resource-limited shelter settings. For example, following Hurricane 
Katrina in 2005, a large diarrhoeal disease outbreak, probably caused 
by a norovirus, was documented among populations displaced to 
evacuation centres103,104.

El Niño Southern Oscillation
Changes in seasonal patterns and large-scale climatic cycles such as 
the El Niño Southern Oscillation (ENSO) may have an important role 
in shaping the future burden of waterborne disease. ENSO events 
affect regional weather patterns, including precipitation and tem-
perature events. Several studies have identified associations between 
ENSO events and diarrhoeal disease, including in Peru54, Nepal105 and 
Botswana106, which suggests that ENSO-related weather variability 
can exacerbate risks of waterborne disease transmission. Specifi-
cally, in Peru, La Niña-associated flooding events were followed by 
increases in enterotoxigenic E. coli, rotavirus, sapovirus, Shigella, 
and Campylobacter54. Shifts in seasonal rainfall and temperature 
patterns, such as longer dry seasons or delayed rainy season onset, 
could have cascading effects on water availability, quality and dis-
ease transmission46,83. The role of climate change in altering the 
ENSO remains uncertain; however, there is growing evidence that 
climate change may enhance rainfall variability and severity of ENSO  
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events107–109. More research is needed to fully understand the potential 
impacts of changes in ENSO cycles on waterborne disease.

Rise in sea levels
Rises in sea levels is an emerging threat to water and sanitation infra-
structure and, consequently, waterborne diseases. Rising coastal water 
tables increase the potential for coastal erosion and flooding110,111, which 
poses risks to coastal sewage treatment plants vulnerable to flooding112 
as well as other water and sanitation infrastructure. Erosion and flooding 
attributed to rises in sea levels can exacerbate the severity and frequency 
of combined sewage overflows and cause damage to septic tanks and pit 
latrines, introducing contamination into surface waters and environ-
mental surfaces113,114. This increased potential for contamination can 
lead to higher risk of exposure to many common waterborne pathogens 
including Campylobacter, Giardia, Cryptosporidium, Shigella, E. coli, 
V. cholerae, norovirus and rotavirus113–115 Rising sea levels can also lead 
to saltwater intrusion of freshwater reservoirs, which creates a more 
favourable environment for pathogens that thrive in brackish waters, 
such as V. cholerae115,116, and affect water quality and reduce the availabil-
ity of freshwater117. Increasing salinity of drinking water sources leads to 
water insecurity, which may affect waterborne disease transmission, and 
is associated with various health effects beyond the scope of this review, 
such as hypertension, cardiovascular disease and infant mortality117–119.

Climate modelling and projections
The estimation of health impacts under future climate scenarios 
is critical for understanding how climate change may alter future 
waterborne disease burden and developing adaptation strategies. 
Scenario-based models are used to generate such estimates, called 
projections, which enable the comparison of future disease burden 
under different emission scenarios, including near-term and long-term 
impacts. Such models require three types of information: the change in 
relevant climate exposures expected based on projected greenhouse 
gas emissions, the relationship between exposure and health, and the 
baseline health of a population120 (Fig. 3). These models also require 
assumptions about conditions in the future, such as demographic, 
infrastructure and socioeconomic conditions. These tools can also 
be used to explore the impacts of adaptation strategies121. Below, we 
describe how projections of future waterborne disease due to climate 
change are generated, highlight best practices and knowledge gaps, 
and review recent estimates.

Changes in exposure
Projections require estimates of future changes in meteorological con-
ditions linked to waterborne disease spread. Global climate models are 
used to estimate future climate conditions based on greenhouse gas 
emission scenarios. The IPCC has developed a set of scenarios to help 
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Fig. 3 | Approaches and data sources used to project health outcomes 
(including waterborne diseases) under future climatic conditions. 
Greenhouse gas concentrations determine the extent of climate change, which 
is the exposure of interest in epidemiological models. The measure of the 
impact of climate change on waterborne diseases is a function of the change 
in relevant meteorological exposures, the exposure–response relationship 
and the baseline health status of the population. Interventions that can reduce 
climate change and waterborne diseases are highlighted for each component 
in yellow boxes. Greenhouse gas concentrations: representative concentration 
pathways describe possible scenarios to project future greenhouse gas 
concentrations, based on global greenhouse gas emissions and shared 
socioceconomic pathways. Climate change: global climate models (GCMs) 
estimate climatic conditions under future scenarios. Multimodel ensemble 
models utilize multiple GCMs to reduce uncertainty in estimates. When 
estimating human health impacts, it is important to define the specific health 
impact of interest, the time period of interest (which may be in the future) 

and the populations of interest. For waterborne diseases, health impacts are 
measured as case or death rates of disability-adjusted life years for specific 
waterborne pathogens of interest and/or diarrhoea. Changes in exposure can 
be determined using both climate science and exposure science approaches 
to characterize the magnitude, frequency and intensity of human contact with 
relevant climate stressors, using directly measured or modelled estimates. 
GCMs output specific variables (for example, temperature and rainfall) that can 
be used to estimate exposures. Exposure–response relationships are typically 
estimated using epidemiological studies that use historical data to quantify 
relationships between an exposure and an outcome, including differences 
in exposure–outcome relationships across groups. Baseline health status 
can be estimated using public health surveillance to determine the current 
distribution of disease in a population or subpopulation (for example, region 
and age group). For waterborne diseases, this is measured as rates of specific 
waterborne pathogens or diarrhoea. These data are typically directly measured 
via case or hospital reporting, but can be modelled when data are lacking.
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standardize climate projection modelling in light of large uncertain-
ties about the future. SSP scenarios include assumptions about socio-
economic trends, demographics and greenhouse gas emissions108,122. 
As of the most recent IPCC report (AR6), the five SSPs present a matrix 
of scenarios including SSP1-1.9 (which assumes a rapid reduction in the 
concentrations of greenhouse gases, leading to net zero emissions by 
approximately 2050, limiting global surface temperature change to 
below 2 °C) and SSP5-8.5 (which assumes greenhouse gas emissions 
double by 2050 and global surface temperature rises by 4 °C by 2100). 
Before AR6, the IPCC used the representative concentration pathways 
(RCPs)122. SSP and RCP scenarios enable projections of future climate 
while standardizing assumptions regarding socioeconomic, politi-
cal and demographic changes that may drive future greenhouse gas 
emissions and health burdens122 (Box 1).

Exposure–response relationships
Estimates of the relationship between climate exposure and water-
borne diseases are typically based on a review of epidemiological stud-
ies that document exposure–response relationships. The resulting 
exposure–response functions (ERFs), which describe the change in a 
health outcome per unit change in an exposure, are used to quantify the 
impact of exposure to different greenhouse gas emission scenarios on 
health outcomes. The type of function used depends on the exposure 
being assessed and the scientific evidence. A linear function may be 
used for continuous exposures (that is, a one-unit increase in ambient 
temperature leads to a 5% increase in diarrhoea), and a threshold based 
function may be used for discrete exposures (that is, a flood event leads 
to a certain number of (x) additional cholera deaths)123. Nonlinear func-
tions may be justified, such as in the case of temperature, heatwaves and 
diarrhoeal illness, and emerging evidence suggests marked increase 
in risk at very high temperatures33.

There are challenges in the development of ERFs. In particular, ERFs 
are highly context specific and sensitive to underlying assumptions. 
Small inaccuracies or misspecifications in defining ERFs can be magni-
fied when extrapolated to future conditions120. To address this, research-
ers selecting ERFs must carefully consider the spatial and temporal scale, 
metrics and modelling approaches used. For example, studies that have 
assessed the impact of temperature have varied in their scales (that is, 
district versus municipality level), metrics (that is, daily maximum ver-
sus mean) and type of model (that is, Poisson versus linear), which has 
led to different estimates of historical exposure120. ERFs can vary based 
on contextual factors such as socioeconomic status or WASH infra-
structure, which enable consideration of future changes in adaptation 
and vulnerability, but work exploring this approach is limited. Studies 
have varied in their inclusion of co-occurring weather conditions, such 
as humidity, flooding and antecedent conditions, and factors such as 
socioeconomic status, infrastructure coverage and education, and they 
provide opportunities to develop context-specific ERFs120.

Best practices include selecting ERFs that align with the exposure 
and contexts being modelled, using systematic reviews and meta-
analysis to pool evidence, and quantifying the impacts of uncertainties 
in exposure–response relationships on projections17,120,124.

Baseline health status
Accurate projections of future waterborne disease burden also depends 
on the characterization of baseline health status and trends. Projections 
may be strengthened by incorporating pathogen-specific estimates in 
light of the aforementioned evidence that the relationship between cli-
mate and waterborne diseases varies by pathogen. In addition, baseline 

disease rates that account for asymptomatic infections, which can 
cause long-term health impacts and contribute to transmission (Box 2), 
may enable a more complete assessment of future disease burden 
under climate scenarios. Baseline health status varies widely across 
regions, with socioeconomic disparities and unequal access to safe 
WASH infrastructure amplifying health risks3 (Box 1). For example, in 
2021 the mortality rate from diarrhoea was 152 per 100,000 children 
under 5 years in sub-Saharan Africa, compared with 0.7 in HICs3. Owing 
to these baseline differences, climate change is likely to have a much 
greater impact on the absolute morbidity and mortality in high-burden 
regions, such as sub-Saharan Africa, than in areas where baseline rates 
are much lower, underscoring the need for region-specific baseline 
disease estimates3. Although estimating baseline waterborne disease 
rates is challenging, due in part to uneven disease surveillance and 
reporting, there are a growing number of resources that can be used 
to estimate baseline disease rates with pathogen-specific informa-
tion and at regional scales, including the Global Burden of Diseases 
Project2, regional public health surveillance systems and hospitaliza-
tion records. Global diarrhoeal disease deaths have declined markedly 
over the past two decades, and methods that account for underlying 
disease trends can improve projections and our ability to document 
how climate change may alter these trends121.

Projections so far
There are a growing number of estimates of the future burden of 
diarrhoeal disease due to climate change. In one of the first reports 
to estimate the future burden of diarrhoeal disease due to climate 
change in 2014, the WHO estimated that climate change would lead 
to an additional 48,000 deaths due to diarrhoea globally by 2030 
(ref. 12). A recent systematic review of studies estimating future cli-
mate change-attributable diarrhoea burden assessed 35 studies and 
found many studies estimated that diarrhoeal diseases were projected 
to increase with climate change despite current downward trends, 
with more severe impacts estimated for higher-emissions scenarios120. 
However, a minority of studies that accounted for development and 
those that considered pathogen-specific outcomes estimated net 
declines in diarrhoea morbidity and mortality, coupled with increases 
in climate-attributable risks (for example, overall disease declines 
but climate change is driving a greater portion of disease). There was 
substantial heterogeneity in study approaches, which highlights a 
need for standardized reporting and estimation methods, as well 
as methodological advancement such as accounting for nonlinear 
exposure–response functions120. A key finding of the review was the 
importance of considering the pathogen-specific burden of water-
borne disease in projection studies. For example, a study showed that 
projected increases in overall temperatures are expected to cause 
an increase in deaths caused by shigellosis, cryptosporidiosis and 
typhoid fever, but reductions in the total number of deaths attributed 
to viral infections, such as rotavirus and norovirus40. With increasing 
use of multiplex molecular assays to simultaneously detect a range of 
enteric pathogens in stool, and improved diagnostic methods, we will 
increasingly be able to disentangle estimates for different pathogens 
and account for asymptomatic infections125, which enables targeted 
intervention strategies to reduce the risks of specific pathogens during 
their high-risk periods.

Interventions
Given the risks posed by climate change on waterborne diseases, there 
is an urgent need for interventions. A robust suite of interventions to 
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prevent waterborne diseases are available that have the potential to 
dampen the impacts of climate change on waterborne diseases, includ-
ing vaccinations, WASH improvements (Fig. 4) and waterborne disease 
surveillance. Investment in these well-established approaches can 
build climate resilience while reducing waterborne disease transmis-
sion, leading some to call such investments ‘no regrets’ strategies126. 
Below, we review the ability of these core strategies to protect against 
climate-driven increases in waterborne disease risk.

Vaccines
Vaccines are part of a larger strategy to reduce exposure to and health 
impacts of waterborne pathogens in a changing climate. They are avail-
able for a number of waterborne diseases, including cholera, rotavirus, 
poliomyelitis, hepatitis A and typhoid. The effectiveness and duration 
of immunity varies by vaccine and target pathogen. Rotavirus, hepa-
titis A and poliomyelitis vaccinations are part of standard childhood 

immunization schedules, recommended globally, providing long-term 
immunity (hepatitis A and poliomyelitis) or immunity during a critical 
window of vulnerability (rotavirus). By contrast, the cholera vaccine is 
less effective, with a shorter duration of immunity, especially in young 
children (~6 months in young children, ~2 years in older children and 
adults)4. It is therefore only recommended in settings where the vaccine 
has shown to be effective, including in areas where cholera is endemic, 
during outbreaks and among displaced populations (for example, 
in conflict zones) when the risk of cholera is high127. A relatively recent 
typhoid conjugate vaccine has been endorsed by the WHO for use in 
high-burden settings and in areas with high levels of antimicrobial 
resistance to Salmonella enterica subsp. enterica serovar Typhi. This 
vaccine has been incorporated into routine vaccination schedules in 
several countries in Africa and Asia128,129. There are ongoing efforts 
to develop vaccines for other major causes of infectious diarrhoea, 
including enterotoxigenic E. coli (ETEC) and Shigella130.
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Fig. 4 | F-diagram illustrating meteorological drivers that influence pathogen 
transmission under climate change. Shown is an F-diagram, which is a 
conceptual model that depicts faecal–oral disease transmission routes (via fluids, 
fields, flies, fingers, fomites and food), as well as the interventions that can block 
transmission. Specifically, this diagram depicts the meteorological drivers of 
transmission that are affected by climate change. Climate change can have an 
impact on meteorological conditions that affect the following: rates of die-off 
or reproduction of pathogens in faeces, in water (fluid), on fields, on fly vectors, 
on hands (fingers) and on fomites (1); fate and transport processes that affect 
transmission of pathogens from primary sources of faecal contamination to 
surface water sources (fluid), fields and fresh food products (2); fly populations, 

affecting fly-borne transmission of pathogens (3); water availability, which 
affects transmission of pathogens from primary sources of faecal contamination 
to hands and fomites via hand-washing and cleaning practices, and also affects 
transmission of pathogens from intermediate sources (water and food) to 
humans via ingestion and hand-washing and cleaning practices (4); and water 
consumption rates, which affect the probability of transmission of pathogens to 
humans via direct ingestion (5). Primary barriers (sanitation and flood control) 
can be used to interrupt transmission pathways that stem directly from faecal 
contamination. Secondary barriers (water quality, water supply and hand/food 
hygiene) can be used to interrupt transmission pathways that lead directly to 
human ingestion.
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The impact of vaccinations on waterborne diseases ultimately 
depends on attaining high coverage, which is determined by cost, ease 
of use (including number of doses, route of administration and need 
for a cold chain), demand, risk perception, side effects and distribution 
infrastructure. Climate-related events can challenge vaccine rollout 
and efficacy by disrupting cold chains and limiting access to affected 
communities131. Factors such as malnutrition can also dampen the effec-
tiveness of vaccines, which is a concern as climate change can worsen 
food insecurity132. Priorities include strengthening public health sys-
tems to expand access and trust in vaccines, and advancing vaccine 
development to expand coverage for all high-burden enteric pathogens 
in ways that confer lasting immunity with ease of administration.

WASH interventions
WASH interventions include measures to prevent the ingestion of faecal 
pathogens, thereby interrupting their spread through the environment 
(Fig. 4). These include systems-level investments in infrastructure, 
such as sewerage and drinking water systems, and household-level 
interventions, such as point-of-use drinking water treatment133 and 
hand-washing promotion134.

WASH interventions can reduce the impact of climate stressors 
and, conversely, climate can stress water systems. Several studies 
have shown that treatment of drinking water, in particular, dampens 
the risk of diarrhoeal disease following heavy rainfall events60,83. The 
effectiveness of WASH interventions can be affected by meteorological 
conditions76. WASH interventions conferred greater protection against 
diarrhoeal illness after heavy rainfall and high temperatures in a study 
in Bangladesh69. However, a recent systematic review and meta-analysis 
across 50 studies found that WASH interventions were generally more 
protective during the dry season, when diarrhoeal diseases are typically 
less common68. This may be due to stressors on WASH systems during 
the rainy season that reduce their ability to interrupt the spread of fae-
cal pathogens and shifting of water sources as different water sources 
become available during the rainy versus dry season46. As discussed 
above, severe weather events such as floods and hurricanes can com-
promise water and sanitation infrastructure, underscoring the need 
for climate-resilient WASH systems.

Continued investment to expand access to WASH interventions, 
at a time when over one billion people lack access to safe drinking 
water and sanitation, can increase climate resilience and advance the 
sustainable development goals, and therefore can be considered a 
form of climate adaptation126. However, there are major challenges. 
Large-scale water and sanitation systems can be highly effective but 
are expensive to install and maintain, whereas simpler household-level 
WASH interventions, such as household filtration or chlorination, 
are lower cost and easier to implement, but require sustained behav-
iour changes. Additional research to refine our understanding of how 
and when climate has an impact on WASH interventions can inform 
efforts to build climate-resilient water and sanitation infrastructure 
that can withstand climate stressors and protect populations at periods 
of peak risk67.

Waterborne disease surveillance
Surveillance for waterborne diseases is an important climate adaptation 
strategy as it can provide actionable information on what diseases are 
present in a given location and time. Ideally, waterborne disease surveil-
lance is timely and pathogen specific. An effective waterborne disease 
surveillance system can inform clinical practice, provide information 
on the specific pathogens and determine the use of antibiotics, thus 

supporting efforts to curb antimicrobial resistance. It can also improve 
our ability to identify climate-driven high-risk locations and periods, 
focusing interventions in areas of acute need and enabling layering 
of interventions during periods of peak risk. For example, timely sur-
veillance to detect cholera can ensure that vaccination campaigns are 
deployed in endemic areas and early during an outbreak. Waterborne 
disease surveillance systems can also be integrated into risk model-
ling frameworks, helping to identify combinations of conditions that 
amplify (or dampen) risks.

There are a number of promising waterborne disease surveillance 
approaches. Wastewater-based surveillance can be timely, conducted 
at small spatial scales and can capture both symptomatic and asymp-
tomatic infections, especially when using molecular methods (Box 2). 
This approach has been used for decades to monitor polio and has 
been increasing in use since the start of the COVID-19 pandemic135. 
Environmental surveillance, which includes both wastewater-based 
approaches and monitoring of other environmental media such as 
soils and fomites, ideally coupled with clinical surveillance, has been 
useful in guiding intervention strategies in low-resource settings136. 
Cross-sector collaboration is also important, particularly the coordi-
nation of veterinary and human surveillance for waterborne zoonotic 
pathogens137.

Mitigation
Ultimately reducing the impacts of climate change on waterborne 
diseases requires efforts to reduce emissions of greenhouse gases that 
are driving climate change. This includes efforts to shift economies 
away from fossil fuels, promoting the adoption of renewable energy 
and carbon sequestration approaches. Greenhouse gas emissions are 
lower today than was previously expected, and in the USA, emissions 
have declined, demonstrating that change is possible7. But constrain-
ing the warming of our planet to 2 °C, on average, by 2100 will require 
deep and rapid reductions in greenhouse gas emissions7,8.

Conclusion
Climate change threatens to undermine decades of progress in reduc-
ing the global burden of waterborne diseases. The future impacts of 
climate change will vary across pathogens, population vulnerability 
and, ultimately, the uptake of adaptation and mitigation strategies.

Warmer temperatures, increases in heavy rainfall events and 
droughts, and the increasing frequency of extreme climate events 
owing to climate change are altering the dynamics of waterborne 
disease transmission worldwide. Higher temperatures can increase 
the survival, reproduction and virulence of bacterial and protozoan 
waterborne pathogens. Heavy rainfall and flooding can mobilize and 
resuspend pathogens, compromising WASH infrastructure and cre-
ating opportunities for human exposure. Drought can concentrate 
pathogens on surfaces and lead to changes in water availability that 
compromise hygiene. Combinations of events, such as dry periods 
followed by heavy rainfall, can amplify risks. Extreme weather, includ-
ing droughts and floods, can lead to infrastructure failure, population 
displacement and crop losses — all of which can increase the risks of and 
vulnerabilities to waterborne disease. The risks of these meteorological 
stressors are higher in vulnerable populations including the very young 
and very old, low-income populations and those living in conflict zones 
or areas with inadequate WASH infrastructure. Climate change may 
also increase the risks of poverty, violent conflict and infrastructure 
damage, all of which are closely linked to waterborne diseases, leading 
to compounding and cascading health impacts.
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Projections of future waterborne disease risks under climate 
change can help identify high-risk populations and guide both miti-
gation and adaptation activities. Such projections can be made using 
the known relationships between meteorological conditions and water-
borne diseases. Ideally, future projections should account for the varia-
tion in risk by pathogen, social vulnerability and infrastructure. Further 
work is needed to refine our estimates of the ways in which demograph-
ics, infrastructure and social contexts modify the relationships between 
meteorological conditions and waterborne diseases, as this is key to 
generating fine-scale risk estimates. Research on the effectiveness of 
different adaptation measures will be essential for developing targeted, 
evidence-based interventions that protect vulnerable populations.

Interventions such as strengthening vaccination programmes, 
expanding and maintaining WASH infrastructure, building WASH 
infrastructure that is resilient to severe weather and enhancing disease 
surveillance all represent important strategies for blunting anticipated 
increases in waterborne diseases and represent no regrets strategies 
to improve population health.
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