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ABSTRACT

Climate change is intensifying hydrological extremes, altering precipitation patterns, increasing temperatures, and
accelerating environmental degradation, thereby threatening global water safety. These climatic shifts increase the
risk of waterborne disease outbreaks through flooding, drought, infrastructure damage, pathogen proliferation, and
compromised sanitation systems. Low- and middle-income countries (LMICs), particularly in Sub-Saharan Africa
(SSA), face disproportionate risks due to fragile infrastructure and limited adaptive capacity. This review synthesizes
current evidence on climate-driven risks to water systems and identifies adaptive strategies to improve water safety
and prevent outbreaks. Strategies are categorized into infrastructure adaptation, water quality surveillance, climate-
informed risk modeling, nature-based solutions, governance reforms, community-level interventions, and
technological innovations. The review emphasizes integrated, multisectoral approaches combining early warning
systems, resilient infrastructure design, decentralized treatment technologies, and strengthened public health
surveillance. Climate-adaptive water safety planning is essential to achieving Sustainable Development Goals
(SDGs) 8 and 6. Future research should prioritize localized risk modeling, pathogen-specific climate thresholds, and
cost-effectiveness analyses of adaptive interventions.
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INTRODUCTION

Safe and reliable access to clean water is a cornerstone of public health, economic productivity, and human
development. The provision of potable water has historically reduced the global burden of infectious diseases,
particularly waterborne illnesses such as cholera, typhoid fever, dysentery, and other diarrheal diseases [17.
Improvements in water treatment, sanitation infrastructure, and hygiene practices have significantly lowered
mortality rates in many regions. However, these gains are increasingly threatened by the accelerating impacts of
climate change, which is reshaping environmental systems at an unprecedented scale. Climate change alters the
hydrological cycle through rising global temperatures, changing precipitation patterns, prolonged droughts, sea-
level rise, and an increased frequency of extreme weather events such as floods and storms [27]. These changes
directly and indirectly influence water quality, water availability, and the integrity of water supply infrastructure.
Hydrological instability disrupts source water systems, increases sediment and contaminant loads, and facilitates
the transport and proliferation of pathogenic microorganisms. As a result, climate change is now widely recognized
as a critical determinant of water safety and a growing driver of waterborne disease transmission. Waterborne
diseases remain a major global health challenge [37]. Contaminated drinking water is responsible for approximately
1.4 million deaths annually, with the highest burden among children under five years of age in low- and middle-
income countries [47]. Diarrheal diseases alone account for substantial morbidity and mortality, contributing to
malnutrition, impaired cognitive development, and economic losses. In many regions, fragile water infrastructure,
inadequate sanitation systems, and limited regulatory oversight compound these risks. Climate change acts as a
“threat multiplier,” exacerbating existing vulnerabilities in water and sanitation systems and intensifying exposure
to pathogens [5].

Flooding events, which are becoming more frequent and severe in many parts of the world, can overwhelm sewage
systems and treatment facilities, allowing pathogens to contaminate drinking water sources. Heavy rainfall increases
surface runoff, mobilizing fecal matter, agricultural waste, and industrial pollutants into rivers, lakes, and
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groundwater supplies. Conversely, drought conditions reduce water volume, concentrating microbial contaminants
and chemical pollutants. Rising temperatures accelerate microbial growth rates and extend the survival of certain
pathogens in aquatic environments [67]. Additionally, sea-level rise contributes to saltwater intrusion into
freshwater aquifers, compromising potable water supplies in coastal communities.

The relationship between climate variability and pathogen ecology is complex and multifactorial. Changes in
temperature and precipitation influence the life cycles of bacteria, viruses, and protozoa, as well as the environmental
reservoirs that harbor them. For example, Vibrio species, including Vibrio cholerae, thrive in warmer waters and
have shown increased geographic expansion in response to rising sea surface temperatures 7. Similarly, extreme
weather events have been associated with outbreaks of leptospirosis, cryptosporidiosis, and other water-related
infections. These trends underscore the urgent need to understand how climate-driven environmental changes
translate into epidemiological patterns of disease. Despite growing recognition of these links, adaptation strategies
often remain fragmented. Water management systems, public health surveillance, and climate mitigation policies
are frequently developed in isolation rather than through integrated frameworks [87. There is a pressing need for
interdisciplinary approaches that combine climate science, water engineering, environmental microbiology,
epidemiology, and governance reforms to safeguard water quality under changing climatic conditions [97.

Climate change is increasingly threatening global progress in safe water access by amplifying the frequency,
intensity, and geographic spread of waterborne diseases, especially where water and sanitation systems were never
designed for today’s climatic extremes. In low-resource settings, aging treatment plants, inadequate drainage, and
poorly maintained distribution networks are highly vulnerable to floods, contamination, and service failure. Public
health systems also often lack predictive models that combine climate data with water quality monitoring and disease
surveillance, limiting early detection and timely prevention. Rapid urbanization, informal settlements, and
population growth further strain water systems: extreme rainfall can overwhelm sanitation facilities and introduce
untreated wastewater into drinking sources, while droughts force communities to rely on unsafe alternatives,
burdens that fall disproportionately on marginalized groups, worsening health inequities. Although evidence linking
climate variability to outbreaks is growing, policy responses remain inconsistent and largely reactive, prioritizing
emergency response over long-term resilience. This review addresses a critical gap by synthesizing (i) mechanisms
connecting climate change to outbreaks (hydrological disruption, pathogen ecology shifts, infrastructure
vulnerability, and socio-environmental determinants), (ii) epidemiological associations between weather extremes
and diseases such as cholera, typhoid, leptospirosis, cryptosporidiosis, and diarrheal illnesses, (iii) evidence-based
adaptive water safety strategies (resilient infrastructure, treatment innovations, early warning systems, integrated
surveillance, and community adaptation), and (iv) governance, implementation barriers, and research gaps in LMICs.
Overall, translating science into scalable, context-sensitive interventions is essential to reduce climate-driven disease
burdens and sustain progress toward SDG 6 and SDG 3.

Climate Change and Waterborne Disease Risk

Climate change increases waterborne disease risk through multiple, interacting pathways. Rising temperatures
accelerate the growth of key pathogens (e.g., Vibrio cholerae, Salmonella, Campylobacter) and promote harmful algal
blooms that can release cyanotoxins into drinking water sources [107]. Temperature shifts also affect pathogen
replication kinetics, strengthen biofilm formation within water distribution systems, and may facilitate the spread of
antibiotic resistance genes. Extreme precipitation and flooding further intensify exposure by driving surface runoff
that carries fecal contamination, agricultural waste, and industrial pollutants into rivers, lakes, and reservoirs; floods
can also overwhelm sanitation systems, causing sewage—drinking water cross-contamination. These events have
been linked to cholera surges after heavy rainfall, increased leptospirosis following urban flooding, and higher
diarrheal disease incidence after extreme precipitation [117]. In contrast, drought concentrates contaminants by
reducing water volumes, increases reliance on unsafe alternative sources, and disrupts hygiene due to limited water
availability; it is also associated with higher salinity and heavy metal levels, reduced pathogen dilution, and increased
household water storage that can introduce secondary contamination. Sea-level rise compounds coastal vulnerability
via saltwater intrusion into aquifers, compromising freshwater supplies, damaging infrastructure, altering microbial
communities, and reducing the efficiency of water treatment processes [127].

Climate-Adaptive Strategies for Water Safety

Climate-adaptive strategies for water safety must work across the whole system—source protection, treatment,
distribution, surveillance, and governance to reduce climate-driven contamination and service disruption [137.
Climate-resilient infrastructure begins with flood-proofing (elevating treatment plants above flood levels, sealing
boreholes/wellheads, installing backflow prevention, and reinforcing wastewater facilities) and drought-proofing
(diversifying supplies across surface water, groundwater, and rainwater harvesting; managed aquifer recharge;
desalination where feasible; and aggressive leak detection to cut water losses). Because centralized networks can fail
catastrophically during floods, droughts, or power shocks, decentralized and modular options strengthen resilience,
including community-scale treatment and solar-powered purification, point-of-use chlorination, ceramic/biosand
filtration, solar disinfection (SODIS), and UV systems [147]. Water Safety Plans (WSPs) recommended by WHO
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can be climate-informed by adding climate hazard mapping, scenario-based risk assessment, seasonal pathogen risk
forecasting, and infrastructure vulnerability audits, ideally integrating meteorological data into routine risk
management. Surveillance must also evolve: near real-time monitoring of turbidity, conductivity, chlorine residuals,
and pathogen signals (e.g., qPCR) supports faster corrective action, while sentinel surveillance links environmental
trends to health data to detect outbreak signals early (e.g., rainfall spikes coinciding with diarrheal cases, or Vibrio
monitoring in coastal waters) [15]. Genomic epidemiology using whole-genome sequencing further enables
tracking outbreak strains, detecting emerging pathogens, and mapping antimicrobial resistance. Early warning
systems (EWS) that combine weather forecasts, hydrological models, and disease surveillance, often enhanced with
machine learning using rainfall intensity, temperature anomalies, and river discharge, can trigger preparedness
actions such as pre-positioning supplies, targeted chlorination, and community alerts [167]. Nature-based solutions
(wetland restoration, reforestation, riparian buffers) add natural filtration and flood mitigation with co-benefits like
biodiversity protection, carbon sequestration, and reduced infrastructure costs. Community-level interventions like
hygiene promotion during extremes, safe storage, household chlorination kits, and community surveillance, limit
secondary contamination [177]. Finally, policy reforms are essential: integrate climate risk into national water policy,
improve cross-sector coordination, strengthen emergency preparedness, and secure sustainable financing, supported
by innovations like remote sensing/GIS, smart IoT water networks, and low-cost rapid diagnostics for low-resource
settings [187].

Case Examples

Bangladesh’s cholera early-warning efforts show how linking environmental surveillance to health risk can sharpen
outbreak preparedness: combining sea surface temperature monitoring with rainfall prediction has improved the
accuracy of cholera forecasts, enabling earlier alerts and more targeted public health responses [197. In the
Netherlands, flood-resilient infrastructure illustrates the protective value of engineered adaptation, where advanced
flood-control systems reduce inundation risk and help safeguard water quality by limiting contamination pathways
during extreme events. Across Sub-Saharan Africa (SSA), community-based adaptation demonstrates how locally
feasible interventions can directly cut disease burden in underserved areas; initiatives such as household and
community rainwater harvesting, paired with solar water disinfection, have reduced diarrheal incidence in rural
settings by improving access to safer water and strengthening resilience to climate variability [207. Taken together,
these cases highlight complementary adaptation pathways data-driven early warning, large-scale engineering, and
low-cost community solutions- that can be tailored to context, resources, and risk profiles to protect water safety
and reduce climate-sensitive infectious diseases.

Implementation Challenges

Implementation of climate-related strategies remains constrained by persistent, interlinked barriers. In many low-
and middle-income countries (LMICs), limited and unpredictable financing restricts the scale, continuity, and quality
of interventions, while competing priorities further dilute available resources. Weak institutional coordination
across ministries and agencies undermines coherent planning, slows decision-making, and can lead to duplicated
efforts or policy gaps [217]. At the operational level, insufficient technical capacity, such as spanning workforce skills,
infrastructure, and access to appropriate tools, reduces the effectiveness of implementation and maintenance.
Evidence-informed action is additionally hindered by major data gaps, particularly in rural and hard-to-reach areas
where monitoring systems are sparse, and reporting is inconsistent. These weaknesses are compounded by
fragmented surveillance systems that are poorly integrated across sectors, limiting timely detection of climate-
sensitive risks and weakening early warning and response functions. Beyond system constraints, equity concerns
are central: marginalized and underserved populations often experience the highest exposure to climate hazards
while having the least access to protective services and adaptive resources [227]. Without deliberate equity-focused
design and targeted investments, these implementation challenges can widen existing social and health disparities
and compromise overall resilience.

Research Gaps

Future research should prioritize quantifying pathogen-specific climate thresholds to clarify how temperature,
rainfall, humidity, and extreme events shape transmission dynamics. Equally important are cost-effectiveness
analyses of adaptation strategies to guide resource allocation toward interventions that deliver the greatest health
gains per unit cost. Studies should also integrate antimicrobial resistance (AMR) monitoring to track climate-
sensitive shifts in resistance patterns and inform treatment guidelines and stewardship [2387. Longitudinal impact
evaluations are needed to move beyond short-term associations and determine sustained effects of climate variability
and implemented interventions on infection burdens and outcomes. In addition, climate—health modeling should be
strengthened at subnational scales to capture local heterogeneity in exposure, vulnerability, and healthcare capacity,
improving targeting and forecasting [24]. Overall, addressing these gaps requires interdisciplinary research that
meaningfully links climate science, microbiology, and public health, enabling robust causal inference, better early-
warning systems, and evidence-based, context-specific adaptation planning.
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Policy Implications
Climate adaptation should be systematically embedded across core planning and development frameworks, including
National Adaptation Plans (NAPs), SDG 6 (Clean Water and Sanitation), SDG 8 (Good Health and Well-being),
and disaster risk reduction frameworks. Integrating adaptation into these agendas helps align climate action with
essential service delivery, strengthens resilience of water and sanitation infrastructure, and reduces vulnerability to
climate-related shocks such as floods and droughts [257. In practice, this means prioritizing climate-risk screening
in WASH investments, ensuring continuity of safe water supply during extremes, and linking water security to
public health preparedness and response. Climate-resilient water systems are not only protective measures; they are
high-return investments that generate substantial health and economic benefits. By reducing waterborne disease
burdens, improving hygiene reliability, and safeguarding household and community water access, such systems
lower healthcare costs, prevent productivity losses, and protect livelihoods, especially for high-risk populations.
Positioning resilient water infrastructure as a cross-cutting adaptation priority can accelerate progress on national
goals and the SDGs simultaneously, while making disaster risk reduction more effective through prevention rather
than crisis response [267].
CONCLUSION
In conclusion, embedding climate adaptation within national and global development frameworks is no longer
optional but essential for sustainable progress. Aligning National Adaptation Plans, SDG 6, SDG 3, and disaster
risk reduction strategies around resilient water systems ensures that climate action directly safeguards public health
and social stability. Strengthening WASH infrastructure against climate extremes enhances service continuity,
reduces exposure to waterborne diseases, and protects vulnerable populations from compounding risks. Beyond
resilience, climate-smart water investments deliver measurable economic gains by lowering healthcare expenditures,
preserving workforce productivity, and reducing emergency response costs. Integrating climate-risk screening,
preparedness planning, and long-term infrastructure design creates systems that are preventive rather than reactive.
Ultimately, climate-resilient water governance represents a strategic intersection of health, development, and
environmental sustainability. Prioritizing such integrated approaches will accelerate SDG attainment, reinforce
national resilience, and secure lasting benefits for present and future generations in an increasingly climate-uncertain
world.
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