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A ll stages of the fossil-fuel life cycle are a threat to human 
health, yet global overdependence on fossil fuel continues unabated, despite 
ambitious international agreements to lower greenhouse-gas emissions 

substantially by 2030. According to the World Health Organization, “The modern 
addiction to fossil fuels is not just an act of environmental vandalism. From the 
health perspective, it is an act of self-sabotage.”1 A rapid transition to renewable 
energy is critically needed, but access to clean energy remains a challenge, par-
ticularly in the Global South, where close to 1 billion people are served by health 
care facilities without access to reliable energy services.2

The average global temperature has already increased by 1.15°C since the Indus-
trial Revolution, with the oceans having absorbed 90% of this excess heat, and 
records of average global ocean temperature were broken in May, June, July, and 
August 2023 (Fig. S1 in the Supplementary Appendix, available with the full text 
of this article at NEJM.org).3 This warming disturbs the hydrologic cycle — the 
continuous movement of water from earth to the atmosphere and back again.4 
Specifically, the increase in temperature augments evaporation from the ocean, 
artificially increasing atmospheric water vapor, the most abundant greenhouse gas. 
Global land precipitation has increased in conjunction with these disturbances in 
the hydrologic cycle, as evidenced by a surge in the severity of very wet events. The 
moisture that had evaporated from the ocean reached California as an atmospheric 
river of heavy rains and flooding in January 2023 and as Hurricane Hillary, with 
a year’s precipitation in 1 day, in August 2023. Hydrologic cycle variability also 
includes the opposite extreme, with more frequent and severe droughts.5

Intensification of the hydrologic cycle can have implications for waterborne 
pathogens because their exposure pathways are intricately linked to local climate 
and weather (Fig. 1 and Table 1).6 However, the environmental and climatic drivers 
of transmission differ among pathogens, in that certain waterborne pathogens can 
replicate outside the host (e.g., salmonella and vibrio), whereas others cannot 
(e.g., campylobacter, cryptosporidium, and norovirus) (Table 1).7 A change in climatic 
conditions can therefore have direct or indirect effects on transmission, depending 
on the pathogen.

Clim ate-Sensi ti v e Path wa ys for Water bor ne Dise a ses

Increased Temperature

An increase in ambient temperature influences the transmission of waterborne 
pathogens through direct effects on their growth, survival, and infectivity, as well 
as through indirect effects on their environmental fate and the behaviors that place 
persons at risk for exposure (Table 1 and Fig. 1). Climate-sensitive waterborne 
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diseases have a distinct seasonal pattern, where-
by warm summer months are associated with an 
increased incidence of bacterial diarrheal infec-
tions — specifically, salmonellosis and campylo-
bacteriosis — owing to the increased fitness or 
reproductive success of the pathogens at higher 
temperatures.8-10 Moreover, during or outside the 
summer months, higher air temperature is as-
sociated with an elevated incidence of diarrheal 
diseases, although this relationship varies ac-
cording to the pathogen.7,11,12 A majority of stud-
ies have shown a positive association between 
temperature and diarrhea caused by bacterial 
pathogens.7,11,12 In contrast, most studies show 
that infections with viral pathogens such as rota-
virus are less common with higher temperatures, 
a finding that is consistent with their heat labil-
ity (Table 1).7,11,12

Although higher air temperatures may im-
prove the efficiency of microbial processing (and 
thus water purification) at water treatment plants, 

extreme heat can have adverse effects on water 
purification, inhibiting chlorination and ultra-
violet irradiation of potable water, by increasing 
solubilization of organic matter and water tur-
bidity (Table 1). Hot weather also increases wa-
ter demand for drinking, hygiene, and sanitation 
at a time when supplies might be stretched thin, 
which can further increase the likelihood of hu-
man exposure to pathogens.

 Extreme Precipitation and Flooding

Extreme precipitation can mobilize and redistrib-
ute sediments contaminated with fecal pathogens 
from upland pastures and fields and transport 
them to streams, rivers, and lakes (Table 1 and 
Fig. 1).13 In urban settings, runoff from streets 
and other impermeable surfaces can transport 
pathogens to downstream collection systems and 
discharge them into surface water or marine en-
vironments.14 The density of pathogenic organisms 
is higher in runoff if the extreme precipitation 

Figure 1. Pathways by Which Climate Change Drives the Burden of Waterborne Diseases.

Shown are the key drivers and hazards of climate change and the pathways by which these processes influence the environmental fate 
of waterborne pathogens, increase exposures of people to pathogens, and ultimately enhance the disease burden in vulnerable popula-
tions.
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Table 1. Effects of Climate Change Hazards on Selected Waterborne Diseases.*

Climate Hazard and Pathogen Environmental Effects on Pathogen Effects on Human Exposure and Disease Risk

Increase in air and water temperature

Typhoidal and nontyphoidal salmo-
nella, shigella, Vibrio cholerae

Increased survival and growth, with infectivity 
retained in warm water

Increased because of higher pathogen burden  
in water sources and prolonged transmission 
season, affecting contact rates

Salmonella, shigella Expression of virulence genes at higher temper-
ature but repression at lower temperature

Increased because of exposure to more infec-
tious pathogens

V. vulnificus, V. parahaemolyticus, 
Naegleria fowleri

Increased survival and growth of marine bacte-
ria, resulting in bacterial blooms in coastal 
waters

Increased because of prolonged transmission 
season, affecting contact rates (e.g., recre-
ational water use)

N. fowleri, acanthamoeba species Increased growth or enhanced survival, with 
infectivity retained in warm, untreated fresh 
water (e.g., nutrient-rich lakes, ponds, and 
reservoirs)

Increased because of higher pathogen burden in 
water sources

Rotavirus, norovirus, cryptosporidium, 
Giardia lamblia

Die-off of pathogens and reduced infectivity in 
warm water

Decreased because of lower pathogen burden in 
water sources

Legionella Enhanced growth and survival in biofilms on 
air-conditioning units, water heaters, or wa-
ter delivery systems

Increased because of higher pathogen burden 
and dispersion by contaminated air-condi-
tioning units or aerosolization by showerheads

Bacterial, protozoan, viral, and  
parasitic pathogens

Water purification may be more efficient as 
a result of improved disinfection with 
chlorination at higher temperatures; water 
purification may be less efficient if organic 
matter is solubilized at higher temperatures, 
which increases water turbidity in treatment 
plants, inhibiting chlorination and ultravio-
let irradiation of potable water

Decreased or increased, depending on effects  
on pathogen burden in potable water

Precipitation and flooding

Cryptosporidium, G. lamblia Increased discharge from water treatment 
plants, industry, and animal-feeding opera-
tions due to flooding and infrastructure 
damage

Increased because of higher pathogen burden  
in water sources

V. cholerae, hepatitis A virus,  
other fecal pathogens

Compromised WASH infrastructure (e.g., wells 
and potable water sources) due to damage 
from flooding and extreme events

Increased because of higher pathogen burden  
in water sources

Leptospira, staphylococcus,  
hepatitis A virus, rotavirus

Increased pathogen mobilization and trans-
port due to stormwater runoff and sewage 
overflow

Increased because of more frequent exposure to 
contaminated surface water (e.g., floodwater) 
and soil (e.g., mud)

Escherichia coli O157:H7 and other  
fecal pathogens from animal  
and human sources

Increased runoff from non–point sources 
(e.g., livestock manure, wildlife, or septic 
system); groundwater contamination with 
fecal pathogens during heavy precipitation 
in regions with insufficient water treatment; 
overwhelmed water treatment, resulting in 
contamination of water sources and river 
and lake sediments

Increased because of higher pathogen concentra-
tions in surface water

Drought

Fecal pathogens Insufficient treatment options (e.g., home chlo-
rination) when water sources, storage, or 
both are shifted during droughts

Increased because of higher pathogen burden in 
water sources and decreased hand hygiene 
with reduced water availability

Storm surge or sea-level rise

Fecal pathogens, including vibrio 
species, from human, environ-
mental, and animal sources

Suspension and dispersion of pathogens and 
contamination of drinking water during 
storm surges

Increased because of higher pathogen burden in 
water sources

*  For an annotated version of this table with references, see Table S1 in the Supplementary Appendix. WASH denotes water, sanitation, and 
hygiene.
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event is preceded by extended dry periods.15 Storm-
water runoff from a heavy precipitation event 
carries both particulate matter and fecal waste, 
particularly in areas that lack functioning sew-
ers. Combined sewers that collect runoff are at 
risk for overflow (Fig. 1), releasing wastewater 
into the environment, inundating the water intake 
of wastewater treatment plants, and overwhelming 
or damaging treatment infrastructure. Cases of 
water treatment failure or contamination of source 
water leading to exposures of persons in the 
catchment area to climate-sensitive waterborne 
diseases are well documented in the United 
States, northern Europe, the United Kingdom, 
and Canada.16-19 In both resource-rich and re-
source-scarce regions of the world, drainage is 
not designed for unusually intense precipitation, 
and through a sequence of cascading events, 
flooding can ensue.6,20 Flooding can inundate 
low-lying infrastructure in the flood plain, such 
as critical health care facilities, compromising 
the delivery of care, as happened in 2012 during 
Hurricane Sandy, when hospitals and emergency 
services in New York had to be evacuated be-
cause of flooding and power outages.

Droughts

Whereas climate change is projected to cause in-
creased precipitation in many parts of the world, 
other regions will experience increased droughts. 
With reduced precipitation and increased evapo-
transpiration, groundwater and surface water 
decline, thereby concentrating pathogens.21 Di-
minished river volume, with elevated pathogen 
concentrations, coincides seasonally with higher 
water demand (Table 1 and Fig. 1). High patho-
gen concentrations in surface water can then over-
whelm water treatment plants, especially older 
ones. Moreover, whereas high pressures are 
normally maintained in water lines to prevent 
exogenous contamination from leaking parallel 
sewer lines, these pressures are not maintained 
during times of water scarcity, facilitating the 
entry of fecal contaminants and posing a risk of 
large-scale population exposures to waterborne 
pathogens.22

Data on the association between drought and 
waterborne disease outcomes are limited.23-25 
However, in a study in which a standardized pre-
cipitation evapotranspiration index for drought 
was used and the incidence of diarrhea among 
children under the age of 5 years was calculated 

from health surveys in 51 low- and middle-income 
countries, the estimated risk of diarrhea in-
creased by 5% with a mild drought that lasted 
6 months and by 8% with a severe drought.26 
The risk of diarrhea was reduced if water and 
soap were available at handwashing sites. Yet the 
frequency of handwashing declines significantly 
during periods of drought as compared with other 
times, as a result of reduced water availability 
(Table 1 and Fig. 1).27

Storm Surges and Sea-Level Rise

The unrelenting sea-level rise associated with cli-
mate change poses a long-term challenge to the 
lives and safety of millions of people that can 
only partly be addressed with dykes, causeways, 
land reclamation, and aquifer protection (Table 1 
and Fig. 1). Storm surges, another manifestation 
of climate change, can cause catastrophic dam-
age and floods. After Hurricane Katrina made 
landfall on the U.S. Gulf Coast in 2005, vibrio 
infections resulting from exposure of wounds to 
floodwaters were observed.28 Similarly, a cholera 
outbreak followed the massive flooding that oc-
curred when Cyclone Idai struck the southeastern 
coast of Africa at Beira, Mozambique, in 2019.29

Bur den of Water bor ne Dise a se 
At tr ibu ta ble t o Clim ate Ch a nge

Every year, 1.4 million people die from diseases 
attributable to a lack of safe water, sanitation, and 
basic hygiene in households, health care facilities, 
and schools.30 Over the course of the last three 
decades, diarrhea has remained the third leading 
cause of the disease burden among children un-
der the age of 10 years, but the incidence of diar-
rhea declined by 68% between 1990 and 2019, in 
part because of improved access to WASH (water, 
sanitation, and hygiene), access to care, vaccina-
tion, and improved nutrition.31

Climate change threatens to offset these pub-
lic health gains. The annual number of temper-
ature-attributable excess deaths due to enteric 
infections is projected to be between 10,000 and 
almost 75,000 by 2050–2065, under an optimis-
tic scenario (temperature rise kept under 2°C by 
2100) and a pessimistic scenario (temperature 
rise of 3° to 4°C by 2100), respectively.32 These 
estimates take into account the differential effects 
of temperature on enteric bacteria and viruses but 
not the effects of additional climate change (be-
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sides temperature anomalies) on climate-sensitive 
waterborne diseases. Nonetheless, the discrep-
ancy in the projected enteric infection rates be-
tween these two scenarios highlights the impact 
that investment in public health interventions and 
health care, as well as substantive reductions in 
the use of fossil fuels, can have in reducing the 
burden of climate-sensitive waterborne diseases.

E x a mples of Clim ate-Sensi ti v e 
Water bor ne Dise a ses

Four climate-sensitive waterborne pathogens of 
public health importance are discussed below. 
These and other examples are included in Table 1.

Non–Vibrio cholerae Vibrio Species

Vibrio bacteria are part of marine environments 
and thrive in warm, brackish water (a mixture of 
fresh and salt water) (Table 1 and Fig. 2). There 
are several pathogenic vibrio species, of which 
V. parahaemolyticus and V. vulnificus are among the 
most common sources of food poisoning in the 
United States. Both pathogens can also cause 
wound infections, which can progress — espe-
cially among persons with chronic liver disease 
or immunocompromising conditions — to nec-
rotizing fasciitis, the need for amputation, sep-
ticemia, and death. With increasing sea-surface 
temperatures, these vibrio species have expand-
ed toward northern latitudes. The northernmost 
outbreak of V. parahaemolyticus, which occurred 
in 2004 in Alaska, was associated with a warmer-
than-normal ocean temperature at oyster farms.33 
The warming of the Baltic Sea has been associ-
ated with mounting numbers of vibrio infections 
among recreational water users exposed at beach-
es during hot summer days (Fig. 2).34 Transmis-
sion in the Baltic Sea is projected to further in-
crease and expand to northern latitudes in the 
coming decades.34 V. vulnificus is also projected to 
expand to every U.S. state along the eastern sea-
board by 2080 under scenarios of medium-to-
high greenhouse-gas emissions.35

Vibrio cholerae

Cholera, due to V. cholerae O1 or O139 infection, 
causes epidemic diarrhea in resource-limited re-
gions that lack a WASH infrastructure (Table 1 
and Fig. 2). Infection results in profuse watery 
diarrhea and vomiting, dehydration, and a risk 
of circulatory collapse and death. Transmission 

occurs through the fecal–oral route. Children 
younger than 5 years of age are at highest risk 
because they lack preexisting natural anticholera 
immunity. Fecal contamination of the water sup-
ply can occur during heavy precipitation events 
that carry the pathogen from latrines into sur-
face water. Approximately 2.9 million cases of 
V. cholerae and 95,000 associated deaths are re-
ported annually, characteristically in low-income 
communities with inadequate sanitation and a 
lack of access to care (e.g., vigorous rehydration).36 
Cholera has two forms: an endemic form occur-
ring with a background rate in the population and 
distinct seasonal peaks, and an epidemic form 
involving exogenous introduction of the patho-
gen into an unexposed population. The conver-
gence of extreme precipitation37 and high tem-
peratures38 (both of which are more frequent 
with climate change) and a deficient WASH in-
frastructure39,40 that is further challenged by ex-
treme weather establishes the conditions favor-
ing large-scale cholera outbreaks (Fig. 2).41,42

Cryptosporidium

The protozoan cryptosporidium can complete its 
lifecycle within a single host. Humans, livestock, 
and wildlife are all hosts. Oocysts are excreted 
in feces and can survive in the environment for 
several months in moist soil or water and endure 
both heat and cold (Table 1 and Fig. 2). Infectious 
oocysts can be spread through the fecal–oral 
route, by direct contact with an infected person, 
or through contaminated food and water. In 
healthy persons, cryptosporidiosis causes diarrhea 
that resolves spontaneously, but in immunocom-
promised persons, the infection can cause pro-
fuse, watery diarrhea that may be life-threaten-
ing. In the Global South, cryptosporidium is an 
important cause of diarrhea and death in chil-
dren under 5 years of age and is associated with 
malnutrition and stunted growth.43 During heavy 
rainfall, cryptosporidium washes into waterways, 
where it can contaminate water treatment plants 
(Fig. 2).44 In 1993, severe rains in Milwaukee con-
taminated the public water plant with cryptospo-
ridium oocysts because of water treatment failure, 
resulting in the largest reported cryptosporidium 
outbreak in the United States.45

Leptospira

Leptospirosis is caused by the bacterium lepto-
spira, which infects a wide range of hosts, in-
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Figure 2. Examples of the Effects of Climate Change on Disease Transmission.

In the case of cryptosporidiosis, heavy rain, particularly early in the season, flushes cryptosporidium parasites in wildlife or livestock feces 
from the watershed into surface-water sources, where the parasites enter water treatment plants. Cryptosporidium oocytes can survive 
chlorination and be dispersed by the water distribution system, potentially causing large outbreaks. Vibrio vulnif icus are aquatic bacteria 
that are part of the brackish marine ecosystem (e.g., estuaries), where they thrive at an elevated sea-surface temperature. Recreational 
water users can be exposed during warm summer days. A damaged or deficient sanitary system can disperse V. cholerae to surface-water 
sources, an effect that is exacerbated by climate-intensified heat, extreme precipitation, storm surges, and rising sea levels. Community 
transmission can propagate a large outbreak and contaminate the entire WASH (water, sanitation, and hygiene) infrastructure. Flooding of 
urban areas, particularly unplanned and low-income neighborhoods, during heavy rain events can mobilize leptospira bacteria in the urine 
from reservoir animals and contaminate urban environments. Exposure to the pathogenic bacteria can result in large outbreaks.
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cluding humans, cattle, pigs, dogs, and rodents 
(Table 1 and Fig. 2). Leptospira are spread 
through the urine of infected animals and can 
survive for months in water or soil. Infection 
causes fever, headaches, and muscle pains but 
can progress to severe complications, such as 
Weil’s disease (acute jaundice, bleeding, and kidney 
failure), severe pulmonary hemorrhage syndrome, 
or meningitis. Spillover transmission to humans 
typically occurs during contact with contami-
nated water, soil, or food. In overcrowded urban 
settlements with inadequate infrastructure, where 
people live in proximity to animal and environ-
mental reservoirs of infection, leptospirosis trans-
mitted by rats is a serious public health problem.46

Floodwaters after heavy rain or extreme, tran-
sient warming in sea-surface temperatures (oc-

curring with El Niño–Southern Oscillation) can 
be contaminated with leptospira and result in 
large outbreaks, as observed in urban centers in 
Brazil and South Pacific islands47,48 (Table 1 and 
Fig. 2).

 Inequi ties in Impac t s of 
Clim ate-Sensi ti v e Water bor ne 

Dise a ses

Climate change magnifies inequities in the bur-
den of waterborne diseases because of its syner-
gistic impacts on structural vulnerabilities, such 
as a poor WASH infrastructure, weak public health 
surveillance and response, and inadequate access 
to health care (Fig. 3). Globally, there are rough-
ly 2 billion people without access to safely man-

Figure 3. Reducing the Burden of Climate-Sensitive Waterborne Diseases through Mitigation of and Adaptation to Climate Change.

Mitigation aims to reduce the risk from climate hazards through greenhouse-gas reductions, particularly in high-emitting sectors but 
also in the water sector. Adaptation aims to reduce the risk of exposure through indicator-based surveillance for climate-sensitive water-
borne diseases, enhanced event-based detection of outbreaks, monitoring of environmental and climatic precursors of disease for early-
warning systems, outbreak investigation and response, and enforcement of water-quality laws. Adaptation also aims to reduce vulnera-
bility through policies that protect the WASH system; improve access to health care; promote research on the detection, treatment, and 
prevention of climate-sensitive waterborne diseases; and inform, educate, and empower communities and stakeholders.
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aged drinking water services, mainly in the Global 
South.49

Rapid urbanization in low- and middle-income 
countries has led to an expansion of informal 
settlements characterized by poor housing that 

is often built on precarious land and lacks ade-
quate sewage and rainwater drainage systems 
(Fig. 2). For the approximately 1 billion people 
worldwide who are living in these conditions, 
extreme rainfall events with flooding result in 

Table 2. Adaptive Strategies Addressing Key Vulnerabilities Regarding Climate-Sensitive Waterborne Diseases (WBDs).*

Vulnerability Selected Opportunities for Adaptation

Surveillance and monitoring

Limited surveillance ca-
pacity to detect WBD 
outbreaks triggered by 
climate hazards

Establish integrated surveillance systems and early-warning systems for climate-sensitive 
WBDs, with capacity to monitor:
• meteorologic factors (e.g., rainfall, temperature) that trigger or contribute to dis-

ease spread;
• environmental conditions (e.g., sea-surface salinity) that can trigger prompt 

investigation of suspected cases and control measures (e.g., closure of contami-
nated recreational water sites);

• physical properties of surface- and drinking-water quality (e.g., temperature, 
turbidity, pH, chlorine, conductivity) that may promote microbial growth and sur-
vival and efficiency of water treatment and purification and enable authorities to 
protect the water supply (e.g., ultraviolet disinfection of water supplies);

• microbial agents (bacterial, viral, and parasitic) in potable water sources and 
wastewater, identified in real time through PCR testing, NGS, ELISA, and biosen-
sors;

• social media for references of symptoms or WBDs (e.g., hashtags, keywords).
Develop capacity for rapid point-of-use field detection, mobile detection of waterborne 

pathogens with a suitcase laboratory (and nanopore-sequencing technology) to iden-
tify and confirm outbreaks in difficult-to-reach settings and vulnerable populations).

Health care system

Unprepared health infra-
structures

Identify climate hazards that will affect health care facilities and their catchment popula-
tions and assess vulnerabilities.

Strengthen resilience by implementing the 10 components of the WHO operational 
framework.†

Reinforce the 10 essential public health functions.‡

Diagnosis

Multiple causative agents 
for climate-sensitive 
WBDs and outbreaks

Develop and use improved multiplex diagnostic testing:
• PCR and LAMP — highly sensitive and specific tests used for the diagnosis of 

waterborne pathogens such as cryptosporidium and giardia;
• metagenomic sequencing — high-throughput sequencing that can detect genetic 

material in patient samples, including bacteria, viruses, fungi, and parasites; may 
be used in broad screening where diagnosis is unclear;

• mass spectrometry — identifies proteins and peptides in patient samples and 
may be useful in diagnosis of waterborne pathogens (e.g., legionella);

• biosensors — highly sensitive and specific devices to detect specific pathogens 
(e.g., Escherichia coli, salmonella) in patient samples in real time.

Access to safe water

Vulnerable water supply 
systems

Implement risk management approaches through water safety plans.
Identify risks to water safety and associated risks of hazardous events (e.g., outbreaks).
Determine and validate control measures (e.g., water disinfection), reassess, and priori-

tize risk.
Consider the long-term impacts of climate change and upgrade plans accordingly.

Access to safe sanitation

Lack of access to or in-
adequate sanitation 
systems

Implement risk management approaches through sanitation safety plans that identify 
climate-related hazards, assess existing control measures, and expose risks.

Identify and prioritize health risks from climate-sensitive WBDs along the sanitation 
chain, from toilet to storage, conveyance, treatment, and end use or disposal.

Control highest risks along the sanitation chain with the use of technology upgrades, 
changes in management and operation, behavior change measures, and policy and 
regulatory measures..

The New England Journal of Medicine 
Downloaded from nejm.org at CCSS CAJA COSTARRICENSE DE SEGURO SOCIAL BINASSS on December 12, 2023. For personal use only. No other uses without permission. 

 Copyright © 2023 Massachusetts Medical Society. All rights reserved. 



n engl j med 389;23 nejm.org December 7, 2023 2183

review article

exposure to waterborne diseases, including par-
asitic infections, bacterial diarrheal diseases, and 
leptospirosis.30,50,51 Furthermore, the inhabitants 
typically lack access to essential treatments when 
facing threats such as cyclone-associated cholera 
epidemics and rainfall-associated outbreaks of 
leptospirosis.29,47

In upper-income countries, climate change–
driven warming and more intense storms have a 
disproportionate impact on waterborne disease 
risks in low-income communities and communi-
ties of color, in part owing to antiquated and 
inadequate potable water systems in many of these 
communities. For example, vulnerable inner-city 
populations are particularly susceptible to out-
breaks of legionellosis, such as the outbreak that 
occurred in Flint, Michigan, in 2014, when a 
change in the water source and temperature led 
to increased release of iron from an antiquated 
water distribution system, which in turn pro-
moted the growth of Legionella pneumophila in the 
potable water supply.52

Conversely, drought jeopardizes the availabil-
ity of fresh water in urban areas.53,54 Extreme 
drought, intermittent precipitation, and elevated 
air temperatures are projected to cause water 

shortages for 1 billion urban dwellers in the near 
future,55,56 especially groups that already vulnera-
ble. Asymmetric and unsustainable water con-
sumption by privileged segments of society57,58 
drains limited water resources and compromises 
the ability of socioeconomically disadvantaged 
populations to meet basic water needs.59 Low-
income rural populations are similarly deprived 
of water sources for irrigation and agricultural 
activities, which has implications for food secu-
rity (Fig. 1).55 More equitable redistribution of 
water resources and restrictions on the use of 
water for amenities are critical measures for ad-
dressing climate change–related inequities.

Medic a l a nd Public He a lth 
In terv en tions

Historically, public health practice has success-
fully interrupted transmission pathways for 
climate-sensitive waterborne diseases through 
WASH, but these achievements are increasingly 
threatened by climate hazards.60 Adapting to the 
rapidly increasing risks of waterborne disease 
from climate change builds on the 10 essential 
public health functions.61 The charge is to cli-

Vulnerability Selected Opportunities for Adaptation

Key research gaps

Marginalized groups and 
Global South

In Central Asia, North and Central Africa, South America, and other regions where cli-
mate data are not readily available (because of the lack of monitoring stations, infra-
structure, technology, financial resources, or technical expertise), generate evidence 
base through technology transfer, capacity building, and financial assistance.

Additional vulnerabilities Develop tools (e.g., Quantitative Microbial Risk Assessment) to estimate risk of adverse 
effect (e.g., infection, illness, or death from WBD exposure).

Predict risks of WBD under different climate change scenarios to better understand pos-
sible future impacts on disease burden.

Assess resilience of WASH-based interventions to climate hazards and their usefulness 
in reducing the impacts of climate change on WBDs.

Generate evidence based on effects of climate change mitigation and adaptation on 
WBD risks.

*  For an annotated version of this table with references, see Table S2 in the Supplementary Appendix. ELISA denotes 
enzyme-linked immunosorbent assay, LAMP loop-mediated isothermal amplification, NGS next-generation sequencing, 
PCR polymerase chain reaction, and WHO World Health Organization.

†  The 10 components of the WHO framework are as follows: leadership and governance; health workforce; vulnerability, 
capacity, and adaptation assessment; integrated risk monitoring and early warning; health and climate research; cli-
mate-resilient and sustainable technologies and infrastructure; management of environmental determinants of health; 
climate-informed health programs; emergency preparedness and management; and climate and health financing.

‡  The 10 essential public health functions are as follows: monitoring; outbreak investigation and response; informing, 
educating, and empowering communities and stakeholders; fostering of interagency and community partnerships; 
development of policies; enforcement of laws and regulations; assurance of access to care; assurance of a competent 
workforce; evaluation and continuous quality improvement of public health functions; and research.

Table 2. (Continued.)
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mate-proof our medical and public health sys-
tems across multiple levels, ensuring an integrated 
response in individual- and population-level in-
terventions. However, successful adaptation to 
climate change hinges on educating the clinical 
and public health workforce about the health 
threats from climate change — for example, as 
part of medical and public health school curricula, 
postgraduate training programs, and continuing 
education. Advocacy by the medical and public 
health establishment will be key in advancing 
climate change policies and regulations — and 
their enforcement — to safeguard health at the 
population level.

Adaptive strategies for addressing the chal-
lenges posed by climate change–related water-
borne diseases include effective early-warning 
systems that integrate surveillance of climatic 
conditions, detection of pathogens in wastewa-
ter, enhanced case-based detection, and cutting-
edge technologies for laboratory diagnosis (Ta-
ble 2 and Fig. 3).6,60 Current surveillance is 
limited by the complexity of diagnostic testing 
and the diversity of bacterial, viral, and parasitic 
agents to be monitored. Wastewater monitoring 
of nucleic acids or biomarkers from waterborne 
pathogens in effluents offers cost-effective and 
real-time surveillance of community transmis-
sion.62 In a review of worldwide outbreaks caused 
by protozoa, cryptosporidium and giardia ac-
counted for the vast majority of outbreaks,63 and 
both are detectable in wastewater.64 Wastewater 
monitoring can detect community transmission 
before case-based surveillance identifies outbreaks, 
serving as an early-warning system (Table 2 and 
Fig. 3).65,66

Climatic conditions can be monitored to pre-
dict the likelihood that certain waterborne 
pathogens will pose a health risk.6 As an exam-
ple, the ECDC (European Centre for Disease 
Prevention and Control) Vibrio Map Viewer, an 
environmental monitoring system that detects 
climatic suitability for noncholera vibriosis, has 
been operationalized in Europe, where these 
infections do not constitute a reportable dis-
ease.34,67 Sea-surface temperature and salinity in 
marine environments are remotely sensed glob-
ally in real time. A 5-day forecasting function 
calculates whether conditions could be suitable 
for pathogenic vibrio bacteria that thrive in 

warm, brackish coastal water.34 Alerts about 
environmental suitability in certain coastal areas 
are sent to public health authorities with options 
for intervention.34 Examples of protective strate-
gies include beach closures and alerts to health 
care providers and the public, warning at-risk 
persons to avoid exposure to vibrio bacteria 
from recreational water use or consumption of 
raw seafood. The success of an integrated early-
warning system relies on community engage-
ment in decision making, preparedness, and re-
sponse.68

Ongoing research is needed to refine climate 
models in order to assess the specific effects of 
climate change. An important limitation is that 
climate data are often not available in areas 
populated by socially and economically margin-
alized groups, exacerbating existing health ineq-
uities. Effective diagnostics and treatments, as 
well as vaccinations (currently available for chol-
era, hepatitis A, typhoid fever, and rotavirus in-
fection), are indispensable tools to reduce the 
burden of climate-sensitive waterborne diseases 
(Table 2 and Fig. 3).69,70

Clim ate Ch a nge Mi tig ation

Minimizing harms from climate change–related 
waterborne diseases requires a prompt and equi-
table transition away from fossil fuels in all sec-
tors. Although such a transition is especially 
critical in sectors with the highest emissions 
(e.g., energy and transportation), it is also im-
portant for water and wastewater utilities, which 
are responsible for 3 to 7% of greenhouse-gas 
emissions (Fig. 3).71 In addition, the water man-
agement sector consumes 4% of global electric-
ity for abstraction (i.e., extraction of water from 
natural sources), conveyance, and treatment, a 
rate projected to double by 2040 as a result of 
increasing desalination of salt water (Table 2 
and Fig. 3).72 However, by 2040, this energy use 
could be reduced by 15% through more efficient 
water use, such as reuse of wastewater and re-
duction in unnecessary water consumption and 
waste.73 Moreover, energy-positive treatment 
plants that generate methane as an energy 
source from organic material in wastewater may 
reduce the overall energy consumption of the 
water sector.74
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Conclusions

Climate change has already intensified environ-
mental turmoil, with substantial ramifications 
for health and health care systems,75 including 
increased risks of several waterborne diseases. 
These risks are projected to continue to increase 
in the near future, should the global community 
fail to take strong and immediate action to 
mitigate greenhouse-gas emissions and institute 
adaptive strategies. Climate-proofing water 
treatment and distribution systems, as well as 
our health care delivery systems, is critical for 
preventing, preparing for, and managing cli-
mate-sensitive waterborne diseases.6,60 Beyond 
continued work on developing and better deploy-
ing vaccines and effective therapies for water-

borne diseases, developing integrated early-
warning systems with the use of climatic or 
environmental precursors of disease can help 
contain or prevent disease outbreaks.6,60 Finally, 
reducing waterborne diseases requires safe and 
equitable access to water and sanitation for all 
segments of the world’s population, a goal that 
can be met by returning to basic public health 
principles, ensuring climate resilience in water 
infrastructure, and rapidly transitioning from 
our dependence on fossil fuels.
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the full text of this article at NEJM.org.
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