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Abstract: Climate change has been associated with increasing extreme
precipitation and flood events, potentially creating conditions conducive to the
transmission of mosquito-borne diseases such as dengue fever. This narrative
review synthesizes current evidence on the mechanisms linking climate-driven
flooding to dengue outbreaks, the spatiotemporal epidemiological patterns observed
across regions, and emerging methodological approaches for prediction and
prevention. Flood disasters influence dengue transmission through interconnected
ecological, climatic, and socio-environmental pathways. Flooding can disrupt
existing mosquito habitats while subsequently creating conditions that may
generate abundant stagnant water in artificial containers and debris, facilitating the
proliferation of Aedes mosquitoes, depending on local ecological and structural
contexts. At the same time, extreme rainfall often coincides with elevated
temperatures, accelerating mosquito development and viral replication. Flood-
related disruptions to water supply, sanitation infrastructure, and housing conditions
may further increase human exposure, particularly in densely populated urban
settings and vulnerable communities. Epidemiological studies indicate that the
flood—dengue relationship frequently exhibits nonlinear and delayed effects, with
outbreaks emerging weeks to months after flooding events. Advances in statistical
modeling, spatial analysis, and machine learning have improved the capacity to
characterize these dynamics and support climate-informed early warning systems.
Strengthening integrated surveillance, environmental management, and climate-
resilient public health interventions will be critical to mitigating dengue risks under
intensifying climate change.
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1. Introduction

The twenty-first century is increasingly defined by growing impacts of anthropogenic climate change, which
poses a significant threat to global human health and survival [1]. Despite international mitigation efforts such as
the Paris Agreement, the global annual mean surface temperature reached a record high of 1.45 °C above the pre-
industrial baseline in 2023 [1]. This persistent warming trajectory is not merely a gradual increase in temperature;
it represents a significant shift in the Earth’s climate system. One of the most consequential outcomes of this
disruption is the intensification of the global hydrological cycle, which manifests in amplified variability in
precipitation regimes and a marked rise in the frequency, duration, and severity of extreme weather events [2—4].
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Among these climate-driven anomalies, extreme precipitation events and the subsequent occurrence of flood
disasters have emerged as some of the most destructive environmental hazards worldwide [5]. Comparative
climatological analyses indicate that between the periods 1961-1990 and 2014-2023, approximately 61% of global
land areas experienced an increase in the number of days characterized by extreme precipitation, thereby
substantially elevating flood risk [1]. Such hydrometeorological extremes have produced cascading ecological,
infrastructural, and socio-economic consequences. In 2022, for instance, severe monsoon-driven floods in Pakistan
submerged nearly one-third of the country, displacing millions, crippling agricultural production, destabilizing the
national economy, and precipitating extensive outbreaks of water-borne and vector-borne diseases [6,7]. Likewise,
extreme precipitation episodes associated with cyclical climate oscillations and long-term warming trends have
devastated coastal regions in Latin America, severely damaging local infrastructure and straining fragile public
health systems [8,9]. Beyond immediate mortality and infrastructure destruction, extreme hydrological events
exert long-term destabilizing effects on the environmental and social determinants of health. Flooding alters land
cover, disrupts sanitation networks, contaminates freshwater supplies, and forces population displacement, thereby
reshaping patterns of human—vector interaction and pathogen transmission [9,10]. Such disturbances create
ecological niches conducive to the emergence, amplification, and spatial spread of infectious pathogens. In this
context, climate change should be conceptualized not solely as a physical phenomenon but as an important
contributing factor to shifts in global epidemiology.

Within the spectrum of climate-sensitive diseases, vector-borne diseases (VBDs) represent a particularly
substantial public health challenge [11]. Arthropod vectors, especially mosquitoes, exhibit high sensitivity to
ambient temperature, humidity, and precipitation patterns, all of which directly influence their survival,
reproduction, biting behavior, and pathogen incubation periods [4,12]. Dengue fever, caused by four antigenically
distinct serotypes of the dengue virus (DENV 1-4), has become the most rapidly expanding mosquito-borne viral
disease globally. The virus is transmitted primarily by the highly anthropophilic Aedes aegypti mosquito and
secondarily by Aedes albopictus, both of which have demonstrated remarkable ecological adaptability [13,14].
Clinically, dengue infection ranges from asymptomatic or mild febrile illness to severe manifestations such as dengue
hemorrhagic fever and dengue shock syndrome, which can result in significant morbidity and mortality [15,16]. It is
currently estimated that approximately half of the global population resides in areas at risk of dengue transmission,
with hundreds of millions of infections occurring annually [17-19].

Historically confined to tropical and subtropical endemic zones, dengue’s geographical footprint has
expanded dramatically over recent decades [13]. This expansion is driven by a confluence of interacting forces,
including rising global temperatures, rapid and often unplanned urbanization, intensified international travel, and
increasing global connectivity [13,20]. Warmer climates enable vectors to colonize previously unsuitable
temperate and high-altitude regions, while densely populated urban settings provide abundant artificial breeding
containers and concentrated human hosts [21,22]. According to the Lancet Countdown assessments, the
transmission potential for dengue mediated by Aedes aegypti has increased substantially across multiple world
regions; in Latin America, for example, this potential rose by 54% from 1951-1960 to 2013-2022, while the global
likelihood of transmission increased by 12% over comparable intervals [2,23].

Compounding the threat, there remains no universally effective antiviral therapy for dengue, and vaccine
deployment strategies are constrained by serotype complexity, prior exposure status, and implementation
challenges [14]. Consequently, vector control, environmental management, and community-level prevention
remain the primary pillars of dengue mitigation. However, these strategies are often undermined in resource-
limited settings, particularly when dengue outbreaks coincide with other systemic shocks. The overlapping
occurrence of dengue epidemics with crises such as the COVID-19 pandemic or large-scale natural disasters
frequently overwhelms already fragile healthcare infrastructures in low- and middle-income countries (LMICs),
exacerbating morbidity and mortality [2,14,24].

While the broader effects of gradual warming on dengue expansion are well-documented [25,26], extreme
flood events warrant dedicated analytical attention. Flooding introduces acute, highly disruptive perturbations to
both vector ecology and public health infrastructure that differ fundamentally from the effects of uniform
temperature shifts. Understanding these compound, post-disaster dynamics is critical, as they frequently trigger
significant outbreaks that overwhelm local capacities [27,28]. Therefore, this narrative review aims to
comprehensively synthesize the current evidence on the biological, ecological, and spatiotemporal mechanisms
linking climate-driven flood disasters to dengue transmission dynamics. By critically evaluating recent
epidemiological findings, examining advances in climate-sensitive predictive modeling and early warning
systems, and analyzing the socio-environmental vulnerabilities that shape heterogeneous risk patterns, this review
seeks to construct an integrated conceptual framework. Clarifying these interconnected pathways is essential not
only for improving causal inference and outbreak forecasting accuracy but also for informing proactive, climate-
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resilient public health strategies and intersectoral adaptation policies in the face of accelerating global climate
change. To synthesize these complex and interacting pathways, this review proposes an integrated conceptual
framework linking climate-driven flooding to dengue transmission dynamics (Figure 1), which guides the
subsequent discussion of ecological mechanisms, spatiotemporal epidemiology, methodological approaches, and
public health interventions.

Climate change-driven flooding increases dengue transmission risk
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Figure 1. Integrated conceptual framework illustrating ecological, climatic, and socio-environmental pathways
linking flood disasters to dengue transmission dynamics.

2. Climate-Induced Flooding and Dengue: Integrated Mechanisms, Inequities, and Research Imperatives
2.1. Ecological Disruption and Nonlinear Transmission Dynamics

The epidemiological relationship between climate-induced flooding and dengue transmission is neither linear
nor uniform; rather, it is governed by a dynamic interplay of ecological disturbance, vector biology, climatic
synergy, and socio-economic vulnerability [28]. While the influence of baseline temperature and seasonal rainfall
on mosquito abundance and viral replication is well established [29,30], extreme flood disasters introduce acute
perturbations that reshape transmission systems in more complex and temporally heterogeneous ways [28,31].
During the immediate, acute phase of intense rainfall and flooding, the mechanical force of torrential water may
exert a flushing effect on immature mosquito stages. Larvae and pupae inhabiting shallow containers or surface
water bodies can be washed away, and existing breeding habitats may be temporarily destroyed [28]. This short-
term ecological disruption can produce a transient decline in entomological indices and, in some cases, a brief
reduction in dengue incidence lasting less than one month [32].

However, this apparent suppression effect is typically misleading and short-lived. As floodwaters recede,
they fundamentally transform the local landscape. Extensive stagnant water pools, waterlogged debris, damaged
drainage systems, and disrupted sanitation infrastructure collectively create an expanded mosaic of aquatic habitats
suitable for oviposition [9,33]. These environments are frequently predator-free and rich in organic material,
conditions that facilitate rapid larval development and enhanced adult mosquito emergence [9,34]. Importantly,
Aedes mosquitoes possess desiccation-resistant eggs that can remain viable for prolonged periods under dry
conditions and hatch rapidly upon re-submersion [4]. Thus, post-flood inundation not only generates new breeding
sites but also reactivates pre-existing egg banks embedded in the environment.

Consequently, the initial flushing effect is often followed by a pronounced and delayed epidemic surge.
Epidemiological studies consistently report lag periods ranging from several weeks to up to four months between
major flood events and peak dengue incidence, reflecting the time required for vector population rebound, viral
amplification within mosquito populations, and subsequent human transmission [28,31]. Spatial lag analyses in
Guangzhou, China, for example, demonstrated a significant increase in dengue cases approximately three months
after extreme precipitation events [31]. Similarly, in the wake of Cyclone Yaku in 2023, Peru reported a record-
breaking dengue outbreak [8]. While preliminary attribution models estimated that a high proportion of cases were
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linked to flooding, it is important to note that such estimates are model-dependent and specific to the unique
ecological and infrastructural context of the region.

2.2. Climatic Synergy and Viral Amplification

The ecological consequences of post-flood stagnant water rarely operate in isolation. Instead, they interact
synergistically with ambient temperature and humidity to amplify transmission intensity. Freshwater availability
generated by extreme precipitation coincides in many regions with elevated seasonal temperatures, creating a
highly conducive microclimate for both vector proliferation and viral replication [29]. Localized evidence indicates
that the most substantial increases in dengue incidence after severe cyclones occur in districts where heavy
flooding overlaps with temperatures exceeding 24 °C [8,25,35]. Warmer conditions accelerate mosquito
development rates, increase biting frequency, and—critically—shorten the extrinsic incubation period (EIP) of the
dengue virus within the vector [36,37]. A reduced EIP means that mosquitoes become infectious more rapidly
after acquiring the virus, thereby intensifying the force of transmission during the hot and humid post-flood
window. This biological acceleration creates a compounding effect: larger vector populations coincide with faster
viral maturation, producing conditions for significant outbreaks. Thus, flood-induced dengue transmission should
be conceptualized as the product of interacting climatic thresholds rather than as a simple rainfall-incidence
correlation. Extreme precipitation expands aquatic habitats, while concurrent warmth enhances vector competence
and viral kinetics. The resulting amplification effect helps explain why certain flood events trigger major epidemics
whereas others produce more limited impacts, depending on background climatic conditions and local ecological
contexts [28,38].

2.3. Socio-Economic Disruption and Structural Vulnerability

Beyond ecological and climatic mechanisms, extreme flood disasters profoundly disrupt the human socio-
economic environment, creating structural conditions that facilitate viral spread. Floods frequently damage
housing infrastructure, particularly in low-income areas characterized by poorly constructed roofs, walls, and
window screens [8]. Such structural degradation increases indoor exposure to highly anthropophilic Aedes
mosquitoes. Simultaneously, flood-induced destruction of municipal water supply and sanitation systems severely
restricts access to safe and reliable water sources [9]. In response to acute water insecurity, affected households
often resort to storing water in open containers. This coping strategy inadvertently generates artificial breeding
sites within domestic environments, reinforcing the intimate human—vector contact that characterizes dengue
transmission [39]. The behavioral dimension of water storage thus becomes a critical mediator linking hydrological
disaster to epidemiological risk.

Massive flooding also frequently triggers population displacement. Individuals and families may be forced into
overcrowded temporary shelters where sanitation is compromised and environmental management is minimal [9,40].
High population density in such settings increases the probability of human—vector contact and facilitates rapid,
localized transmission once infected mosquitoes are present. Moreover, local healthcare facilities in vulnerable
regions are themselves susceptible to flood damage and may lack adequate diagnostic capacity, vector surveillance
systems, and surge preparedness to respond effectively to sudden increases in arboviral infections [41].

The burden of post-flood dengue outbreaks is therefore distributed inequitably. Marginalized populations
residing in informal settlements, low-income neighborhoods, and areas with inadequate waste management and
deficient drainage infrastructure face disproportionately elevated risks [11,34,42]. These communities often
combine high exposure to environmental hazards with limited adaptive capacity, rendering them especially
vulnerable to compound climate—health shocks.

2.4. Fragmented Responses and Research Imperatives

Despite the mounting frequency of compound hydrometeorological and epidemiological disasters, public
health responses and scholarly analyses remain fragmented. Policy discourse often emphasizes short-term, reactive
interventions such as emergency chemical fogging campaigns, while neglecting upstream environmental
determinants and the structural necessity for climate-resilient urban planning and infrastructure investment [42].
Such reactive strategies may temporarily suppress adult mosquito populations but fail to address the ecological
and socio-economic drivers of recurring outbreaks. Furthermore, important scientific gaps persist. There remains
incomplete characterization of the spatial-temporal dynamics, lag structures, and potential nonlinear threshold
effects linking extreme precipitation to dengue transmission across diverse geographic and socio-economic
settings [28,38]. Variability in exposure definitions, modeling approaches, and data resolution complicates cross-
regional comparisons and limits generalizability.
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Addressing these challenges requires integrative, interdisciplinary research frameworks that combine
hydrology, climatology, spatial epidemiology, entomology, and social science perspectives. Advances in
predictive modeling and climate-sensitive early warning systems offer promising avenues for anticipatory
governance [43,44]. By synthesizing biological, ecological, and socio-environmental mechanisms within a unified
analytical framework, future research can more accurately forecast outbreak risk and guide targeted interventions.
Ultimately, clarifying the complex and interacting pathways through which flood disasters influence dengue
transmission is essential for developing proactive surveillance systems and integrated adaptation strategies.
Strengthening climate-resilient infrastructure, enhancing community-level water and sanitation management, and
embedding climate data into infectious disease monitoring networks are indispensable steps toward mitigating the
intensifying public health risks posed by a warming and increasingly hydrologically volatile world [45,46].

3. Spatiotemporal Epidemiological Characteristics of Flood-Induced Dengue Risks

The temporal dynamics between extreme flooding events and subsequent dengue fever outbreaks are
fundamentally characterized by pronounced lag effects, reflecting the time required for ecological and biological
processes to unfold. Empirical evidence consistently demonstrates that the impact of extreme precipitation on
dengue incidence is rarely immediate; instead, studies have observed a distinct biphasic temporal pattern. In the
immediate aftermath of a flood, there is often a short-term decrease in dengue incidence, typically lasting less than
a month, likely attributable to the physical flushing of mosquito breeding sites [28]. However, this initial
suppression is subsequently followed by a substantial increase in disease incidence with a delayed lag period
commonly ranging from one to four months [28]. For instance, spatiotemporal analyses in urban settings such as
Guangzhou, China, have revealed that extreme precipitation exhibits its strongest amplifying effect on dengue
cases at a three-month lag [31]. Similarly, entomological surveillance in Kenya has shown that mosquito egg and adult
abundances peak significantly one month following an abnormally wet period [29]. Furthermore, predictive modeling
across different regions corroborates these delayed effects, indicating that both heavy and prolonged precipitation
anomalies shape the future trajectory of outbreaks over multi-month horizons [30,43]. The existence of such complex
lag structures necessitates analytical frameworks capable of capturing multi-month temporal dependencies.

Beyond simple temporal delays, the epidemiological relationship between flooding and dengue risk is highly
complex and characterized by non-linear associations and specific meteorological thresholds [28,29,43]. The
influence of precipitation intensity and volume on mosquito abundance and subsequent viral transmission does not
follow a straightforward positive correlation. Rather, the relationship often exhibits threshold effects, where
moderate to heavy rainfall provides optimal breeding habitats, whereas exceptionally heavy rainfall might surpass
a destructive threshold that temporarily suppresses mosquito populations [47,48]. Advanced spatiotemporal
modeling frameworks have successfully captured these non-linearities, demonstrating that disease risk fluctuates
dynamically based on compounding extreme weather indicators, including sustained drought conditions preceding
heavy rains and specific phase shifts of the El Niflo Southern Oscillation [43]. Additionally, the intensity of
extreme precipitation events interacts non-linearly with concurrent temperature thresholds; for example, the
amplifying effect of flooding is significantly magnified when ambient temperatures exceed optimal biological
thresholds, such as 24 °C, further complicating the predictive modeling of epidemic trajectories [8].

The distribution of flood-induced dengue risk is profoundly shaped by spatial heterogeneity and underlying
socio-economic vulnerabilities, creating distinct geographical hotspots of disease burden. Outbreaks are rarely
uniform across an affected region; instead, they cluster heavily in areas where environmental hazards intersect
with fragile human infrastructure [31]. Research highlights that vulnerable populations residing in informal urban
settlements and low-income communities bear a disproportionate share of the disease burden following flood
disasters [11,34]. In these highly susceptible areas, the lack of adequate drainage systems, coupled with
inconsistent solid waste management and poor household trash collection, creates ubiquitous artificial breeding
sites for vectors once floodwaters recede [34]. Furthermore, spatial analyses have demonstrated that the largest
surges in dengue incidence post-flooding occur in districts characterized by a high prevalence of structurally
deficient housing, such as residences with low-quality roofs and walls, which fail to protect inhabitants from
human-vector contact [8]. The risk is also spatially amplified in densely populated central urban areas compared
to rural peripheries, where the abundance of human hosts and concentrated built environments facilitate rapid viral
transmission [11,31]. Consequently, understanding these spatial vulnerabilities is critical, as marginalized
geographical zones with compounded socio-economic deprivation and high ecological exposure consistently
emerge as the epicenters of post-flood dengue epidemics [49].
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4. Methodological Approaches in Flood-Dengue Research
4.1. Data Sources and Integration

The rigorous evaluation of the epidemiological relationship between flood disasters and dengue fever
outbreaks fundamentally relies on the integration of massive, multidimensional data sources. Contemporary
research increasingly synthesizes localized public health surveillance records with high-resolution meteorological
and earth observation data to capture the intricate dynamics of climate-sensitive diseases. For instance, satellite-
based remote sensing tools, such as NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS), are
highly utilized to extract land surface temperature and vegetation indices, providing a standardized method for
quantifying extreme weather anomalies and their spatial extent over time [50]. However, the integration of these
environmental metrics with human epidemiological data presents significant methodological challenges.
Researchers frequently rely on national or regional government data repositories to track disease incidence; yet,
these databases often suffer from critical limitations, including the inadequate collection of comprehensive socio-
demographic information and the absence of unique patient identifiers, which severely hampers the accurate
tracking and longitudinal analysis of health data [51]. Furthermore, existing literature emphasizes that overcoming
these limitations requires leveraging regions with well-established mosquito-borne disease and weather
surveillance systems to conduct standardized, multisite research, thereby allowing for the proper quantification of
relevant flooding events across diverse socio-ecological settings [28].

4.2. Statistical Models

To decipher the intricate, delayed, and synergistic impacts of extreme precipitation on dengue transmission,
epidemiological research has transitioned from traditional linear regressions to highly sophisticated statistical
modeling frameworks. Standard linear approaches are inherently insufficient for capturing the complex threshold
effects and delayed biological responses characteristic of vector-borne diseases. Consequently, distributed lag non-
linear models (DLNM) have become a methodological cornerstone, explicitly utilized to account for the non-linear
lagged effects of weather conditions on mosquito abundance and disease incidence over extended periods [30]. By
mapping these distributed lags, DLNMs directly address the critical analytical challenge of determining precisely
when and under what temperature thresholds post-flood stagnant water translates into epidemic peaks. Similarly,
generalized additive models (GAM) are frequently employed to seamlessly delineate the non-linear relationships
between extreme weather indicators, such as the standardized precipitation index, and infectious disease incidence
rates [52]. When investigating the immediate causal impact of specific, catastrophic extreme weather events like
cyclones, researchers have successfully applied generalized synthetic control methods to rigorously account for
baseline climate variations and unobserved confounders [8]. Moreover, to model the exact count of disease cases
following specific disasters such as floods and landslides, integer-valued autoregressive (INAR) models
incorporating overdispersion distributional assumptions have proven highly effective in handling the excessive
variability inherent in disaster-driven epidemiological data [44], thereby resolving the challenge of modeling
extreme case fluctuations that typically violate standard statistical assumptions during acute emergencies.

In addition to temporal modeling, addressing spatial heterogeneity and transitioning toward proactive
outbreak forecasting represent the forefront of methodological advancement in this field. Because dengue fever
cases are rarely distributed randomly and often exhibit strong geographic clustering, advanced spatial econometric
techniques are essential. Researchers have successfully implemented models such as the zero-inflated negative
binomial spatial lag (ZINB-SAR) regression to simultaneously account for excessive zero-case observations in
surveillance data and the spatial influence of disease transmission from neighboring areas [31]. This approach is
essential for overcoming the challenge of spatial heterogeneity, ensuring that localized vulnerability hotspots are
not masked by broader regional averages. Building upon these robust spatiotemporal analytical frameworks, recent
studies prioritize climate-model-based forecasting to predict future outbreak trajectories. These advanced
frameworks not only accurately describe in-sample historical incidence trends but also perform out-of-sample
forecasting, demonstrating high accuracy in classifying future outbreaks while minimizing the probability of false
alarms [43]. Ultimately, these predictive methodologies are being integrated with global climate projections to
estimate long-term excess risks under various Shared Socioeconomic Pathways (SSP), providing policymakers
with the critical, evidence-based foresight needed to design localized, climate-adaptive disease control
interventions [52].
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4.3. Machine Learning and AI Models

Machine learning (ML) and artificial intelligence (Al) algorithms are playing an increasingly important role
in dengue and mosquito-borne disease prediction. Unlike traditional regression-based or time-series models, ML
approaches such as Random Forest (RF), Support Vector Machines (SVM), Gradient Boosting, and Artificial
Neural Networks (ANN) can flexibly capture nonlinear relationships and complex interactions among climatic,
environmental, and sociodemographic predictors. Crucially, ML models address the analytical challenge of high-
dimensional data integration, seamlessly processing disparate inputs—such as satellite imagery, daily weather
extremes, and structural vulnerabilities—to capture synergistic outbreak drivers that traditional models often miss.
Several studies have demonstrated that RF models outperform conventional generalized linear models in
forecasting dengue incidence at both national and subnational scales [53—56]. Neural network-based approaches,
including deep learning architectures, have shown strong performance in early outbreak detection and short-term
prediction, particularly when integrating meteorological and remote sensing data [57,58]. Comparative analyses
further indicate that ensemble and hybrid ML models often yield higher predictive accuracy and robustness than
single-model frameworks [59,60]. As climate variability intensifies and surveillance datasets expand, Al-driven
predictive systems are increasingly viewed as essential tools for real-time dengue risk assessment and public health
decision-making [61-64].

5. Public Health Interventions and Adaptation Strategies

The escalating frequency and intensity of flood-induced dengue fever outbreaks necessitate a fundamental
paradigm shift in global public health strategies, transitioning from reactive emergency responses to proactive,
climate-resilient adaptation. As anthropogenic climate change fundamentally alters the ecological boundaries of
vector-borne diseases, traditional disease control mechanisms are proving increasingly inadequate. To mitigate the
compounding risks associated with extreme hydrological events, structural and sustained changes must be enacted
across multiple human systems. This requires a comprehensive portfolio of adaptive interventions that integrate
advanced predictive technologies, precision environmental management, resilient healthcare infrastructure, and
robust socio-economic support mechanisms to protect highly vulnerable populations.

At the forefront of proactive adaptation is the development and deployment of Climate-sensitive Early
Warning Systems (EWS). By integrating high-resolution meteorological forecasts with epidemiological and
entomological surveillance data, public health authorities can anticipate periods of elevated transmission risk
before an outbreak fully materializes. For instance, spatiotemporal forecasting models utilizing advanced climate
indicators have successfully provided reliable, multi-month lead times for impending dengue emergencies in
highly vulnerable coastal regions [43]. Empirical evidence further demonstrates that issuing early warnings and
implementing targeted interventions during periods of abnormal rainfall and flooding can substantially reduce the
subsequent risk of viral transmission [29]. However, a significant global deficit remains in the implementation of
these proactive systems. Recent assessments indicate that only a fraction of countries worldwide report having
functional health early warning systems specifically tailored to climate-driven infectious diseases [1], highlighting
a critical gap between scientific forecasting capabilities and practical administrative execution. In response to this
implementation gap, WHO and WMO have developed structured operational frameworks to institutionalize
climate-based health early warning systems in LMICs, notably through the WHO Operational Framework for
Building Climate Resilient (and Low Carbon) Health Systems and the WMO-led Global Framework for Climate
Services (GFCS) [65,66]. These frameworks promote phased implementation—beginning with vulnerability and
adaptation assessments, followed by co-production of climate—health services, establishment of threshold-based
alert triggers, and formal integration of response protocols into national health and disaster risk governance
structures [67,68].

Once an extreme flooding event occurs, the immediate post-disaster window is critical for interrupting the
vector breeding cycle. However, the diagnostic and prognostic framing of epidemics by the media and
policymakers often over-emphasizes short-term, top-down technical fixes, such as extensive chemical fogging.
While adulticiding may provide transient relief, it fails to address the root environmental determinants of disease
transmission and the decay of public health infrastructure [42].

Therefore, post-disaster precision vector control must be inextricably linked to comprehensive environmental
management and the rapid restoration of Water, Sanitation, and Hygiene (WASH) infrastructure. Empirical studies
conducted in informal urban settlements reveal that household trash collection and community-level flood
management are highly significant interventions; effectively removing waterlogged debris and ensuring routine
waste disposal substantially reduces Aedes mosquito breeding habitats and significantly lowers dengue
seroprevalence among children [34]. However, the pragmatic scaling of WASH infrastructure in LMICs is often
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constrained by systemic barriers such as rapid, unplanned urbanization and the informal status of many high-risk
settlements, which preclude the installation of permanent municipal networks [69]. In these resource-limited
contexts, adaptation must prioritize decentralized, low-cost solutions—such as community-managed water storage
treatment and localized waste collection initiatives—that can be maintained independently of fragile centralized
systems during flood events [70]. Furthermore, broader environmental adaptation strategies, such as the creation
or expansion of wetlands to mitigate coastal and inland flooding, must be meticulously designed and ecologically
managed to prevent these new bodies of water from inadvertently serving as prolific mosquito breeding sites [33].
Occupational environments also require structural adaptations, as seen in labor-intensive manufacturing sectors
where flooding, inadequate drainage, and expanding vector habitats directly compromise worker safety and
productivity [46].

The effectiveness of any environmental or vector control intervention is ultimately contingent upon the
resilience and preparedness of the frontline healthcare infrastructure. Unfortunately, public health facilities are
often physically vulnerable to extreme weather events and operationally unprepared to manage sudden, massive
surges of infectious diseases. During post-flood crises, local clinics frequently face critical shortages of medical
supplies, personnel, and essential diagnostic capacities. For example, observational studies in flood-prone regions
have documented that while most facilities may manage endemic malaria, a vast majority lack the specific ability
to diagnose and treat dengue virus infections, leading to prolonged hospitalizations and severe health outcomes
for vulnerable demographics such as children under five [41]. To systematically address these institutional
vulnerabilities, national governments must prioritize the execution of comprehensive Vulnerability and Adaptation
(V&A) assessments and the subsequent implementation of Health National Adaptation Plans (HNAPs). However,
current progress remains insufficient; across vast regions such as Latin America, only a handful of nations have
officially completed V&A assessments or formulated dedicated HNAPs, leaving their populations highly
vulnerable to future climate shocks [23]. For example, the Pan American Health Organization’s (PAHO) Safe
Hospitals Initiative provides hazard-specific standards to ensure that facilities in flood-prone areas remain
structurally and operationally functional during disasters, emphasizing elevated critical systems, flood-resistant
design, and continuity-of-service planning through the Hospital Safety Index framework [71-73].

Transitioning toward a truly climate-resilient public health framework requires breaking down rigid
disciplinary silos through the widespread adoption of a “One Health” approach [74,75]. This holistic paradigm
explicitly recognizes the intricate interconnectedness of human health, animal ecosystems, and the broader
changing environment. A One Health strategy advocates for sustained, intersectoral collaboration involving
meteorological agencies, urban planners, environmental scientists, and public health officials to collaboratively
design resilient urban infrastructures. Furthermore, the institutionalization of “One Health” approaches faces
significant political and bureaucratic hurdles in LMICs, where sectoral silos between health, environment, and
meteorological agencies are often reinforced by competing budget priorities and lack of integrated data-sharing
mandates [76]. To move beyond high-level policy design, intersectoral collaboration must be embedded into
national disaster risk reduction frameworks, supported by dedicated climate-health financing that bypasses
fragmented administrative layers to reach frontline operational units [77]. However, bridging the persistent
implementation gap between identifying climate-health risks and enacting tangible interventions requires a
massive and sustained mobilization of climate finance. Currently, efforts are significantly hindered by a notable
lack of predictable funding; adaptation projects with direct health benefits represent a disproportionately small fraction
of the allocations from major financial mechanisms like the Green Climate Fund [1,23]. Addressing this financial
disparity is paramount, as the economic benefits of investing in climate-resilient health infrastructure and sustainable
urban development far exceed the substantial economic costs of inaction and recurrent post-disaster recovery.

Finally, structural and financial interventions must be deeply rooted in community capacity building and
continuous education. Building localized community resilience is essential, as the most underserved and low-
income disproportionately bear the burden of physical and economic losses following floods. Public health
campaigns must rapidly deploy health education to flood-afflicted individuals, emphasizing the critical importance
of avoiding contaminated environments, properly managing domestic water storage, and utilizing personal
protective devices against insect bites [5,39]. Simultaneously, educational transformation is required within the
medical community itself. Healthcare professionals and medical students must receive rigorous training on the
epidemiological shifts driven by climate change, enabling them to recognize atypical presentations of vector-borne
diseases and to act as informed advocates for climate mitigation and planetary health [78,79]. Only through a
meticulously integrated approach that combines technological forecasting, ecological management, resilient
healthcare systems, and empowered communities can global public health successfully adapt to the profound
threats posed by climate-driven flood disasters.
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6. Limitations and Future Directions

Despite substantial progress in elucidating the interactions among extreme precipitation, flooding, and
dengue incidence risk, this field continues to face significant methodological and data-related constraints. First,
limitations in data quality and spatiotemporal resolution substantially restrict the accuracy and generalizability of
predictive models. Many low- and middle-income countries and regions that are disproportionately threatened by
climate change lack long-term, continuous, and high-quality infectious disease surveillance systems, resulting in
considerable data gaps and reporting bias [51]. In addition, although satellite remote sensing technologies provide
broad meteorological and environmental coverage, their spatial resolution is often insufficient to precisely capture
small household water storage containers or localized cryptic breeding sites that are critical for Aedes aegypti
proliferation [50]. Beyond these external data constraints, we acknowledge the inherent limitations of this narrative
review. The literature selection was primarily restricted to peer-reviewed articles indexed in major English-
language databases, which may have overlooked relevant findings from grey literature, local institutional reports,
or non-English publications. Additionally, there is an unavoidable geographical selection bias, as the synthesized
evidence is largely drawn from regions with robust research infrastructure and established surveillance systems.
Finally, as a narrative synthesis rather than a systematic review, our interpretation is subject to thematic
prioritization and lacks the quantitative rigor of a meta-analysis, which may limit the generalizability of certain
synthesized findings.

Existing macro-level epidemiological studies also face persistent challenges in adequately controlling for
complex confounding factors. Dengue transmission dynamics are not solely driven by meteorological variables
but are profoundly shaped by socio-ecological determinants, including baseline population immunity, local public
health interventions, urbanization processes, and human mobility patterns [31]. Accurately disentangling these
non-climatic influences within statistical models—particularly quantifying the long-term effects of adaptive
strategies—remains a major research challenge. Future investigations should advance toward higher-resolution,
interdisciplinary integration by combining hydrology, meteorology, and spatial epidemiology to more precisely
characterize the effects of microclimatic variation on vector ecology and viral incubation dynamics, as empirical
studies have shown that fine-scale temperature fluctuations significantly alter mosquito development rates,
survival, and pathogen incubation periods [80,81]. Empirical evidence examining micro-environmental
conditions—such as temperature and humidity fluctuations at the neighborhood or building scale—and their
influence on vector biology would substantially strengthen mechanistic inference. Moreover, forthcoming
empirical research should further leverage large-scale, authoritative public health databases, such as the Global
Burden of Disease (GBD), in conjunction with standardized multicenter surveys to comprehensively assess the
health inequalities and global disparities attributable to extreme hydrological events across countries at different
levels of socioeconomic development. Such efforts would provide more robust evidence to inform highly targeted
and region-specific public health policies.

7. Conclusions

In summary, against the escalating backdrop of climate change, flood disasters exert a significant and
multifaceted influence on dengue incidence. Extreme precipitation and flooding events do not affect disease
transmission through a single linear pathway; rather, they reshape vector breeding habitats, accelerate viral
incubation cycles, and interact synergistically with the disruption of human infrastructure and post-disaster water
storage behaviors, generating cascading epidemiological effects [9,28,29]. This association exhibits pronounced spatial
heterogeneity and marked temporal lag structures, with marginalized urban informal settlements and vulnerable
communities characterized by fragile sanitation infrastructure bearing a disproportionate disease burden [11,34]. In the
face of increasingly frequent and intense extreme hydrological events, conventional reactive disease control
strategies have revealed substantial limitations and are insufficient to meet contemporary global public health
demands. The international community, national governments, and regional health authorities must urgently
implement cross-sectoral climate adaptation strategies. These strategies should integrate high-resolution
meteorological forecasting data with infectious disease surveillance networks to develop and refine climate-
sensitive early warning systems [43,52]. Only through sustained and adequate investment in climate adaptation
financing, the comprehensive implementation of interdisciplinary “One Health” collaboration frameworks, and
the strengthening of bottom-up community-level healthcare and environmental intervention resilience can
societies effectively curb the expansion of mosquito-borne diseases such as dengue under intensifying climate
crises, thereby safeguarding the health and public health security of vulnerable populations worldwide.
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