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Abstract:

Japanese Encephalitis (JE) is an arthropod borne flaviviral disease which
affects children mainly in tropical and flood prone areas of Asia. Climate changes,
particularly more severe flooding, markedly increase the mosquito population and
facilitate rapid spread. This study uses an SEIR (Susceptible-Exposed-Infectious-
Recovered) compartmental model to mimic the dynamics of JE transmission in not only
the human population but also in mosquito populations and a flood-affected area. The
model includes important biological and ecological characteristics, such as the a of
transmission that is flood-related, the mosquito lifespan, the vector-host relationship,
and the recovery rates. Calculated with empirical parameter value settings, the basic
reproductive number R0~26.2Ro \approx. 26.2R0~26.2 illustrates the severe outbreak
risk under flood break out. Simulation results show a quick elimination of the
susceptible individuals, an early peak in the infected population, and a final reaching of
the fixed number of recovered people. This model also investigates the influence of
vector-to-host ratios, climate-dependent variables, and media attention on disease
dynamics. Results indicate that SEIR models, when combined with environmental and
behavioural factors, can be useful in predicting outbreaks of and devising interventions
for EBOV. Such information can also help inform geographically tailored interventions,
particularly in places where resources are limited in high-risk flood areas.
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l. Introduction

Vector-borne diseases continue to remain a major threat to public health,
especially in tropical and subtropical regions where the climate facilitates the breeding
and growth of disease vectors including mosquitoes. Of these infections, Japanese
Encephalitis (JE) due to Japanese encephalitis virus (JEV) of genus Flavivirus is a
major neurologic disease condition with high fatality as well as morbidity especially
in children. JE is primarily spread through the bite of infected Culex mosquitoes and
has a long and complex transmission cycle, in which wild birds act as reservoirs and
pigs as an amplifying host. Although the majority of infected people are asymptomatic,
when patients develop symptoms, they frequently experience severe neurological
complications or die. The endemicity of JE in Southeast Asia and the Western Pacific
has been further amplified in recent years by the climatic extremes such as the upsurge
in frequency and intensity of monsoon-induced flooding events due to climate change
Such environmental disturbances provide an essential added value to vector breeding,
which leads to the failure of the current control and creates possibilities for JEV spread
in a broader area.

Strategies to address JE outbreaks in flood affected areas The flood-hit areas do offer
unique challenges in the management of JE outbreaks with the presence of stagnant
water bodies, increased vector density, population displacement and sanitation
infrastructure which has taken a beating. Together these factors increase human contact
with infected mosquitoes and make these areas to be the hotspots of JE epidemics.
Thus, mechanistic analyses concerning JEV transmission in flood-prone regions would
benefit from flexible modelling frameworks that can incorporate ecological,
epidemiological, and climatological drivers. The Susceptible—-Exposed-Infected—
Recovered (SEIR) model is a standard compartmental framework used for modeling
infectious diseases, which offers a structured method for modeling the evolution of
infectious diseases, including those transmitted by vectors. Through segregated
populations (susceptible, exposed, infected and recovered) the SEIR model considers
the latent period and provides the possibility of time-varying usages for modeling
disease evolution. Elaborated to the vector and reservoir populations, as in the JE case,
SEIR-based models become useful for predicting outbreak trajectories, evaluating the
efficacy of control strategies, and informing public health policy.

Several studies have laid groundwork for SEIR-based modeling of JE. Cheng et al.
(2018) used both SEIR and Maxent models to evaluate the Usutu virus risk — which is
a flavivirus intimately related to JEV — demonstrating the value of mechanistic
models in reproducing the transmission patterns driven by climate. Their two-step
modeling approach highlighted the benefits of adding temperature-influenced terms to
SEIR models, an important consideration for JE where the dynamics of vector
populations are tightly bound to environmental factors. Similarly, Panja et al. (2018)
facilitated a dynamic SEIR model for transmission of JE, with control parameters and
time-varying carrying capacity of the mosquitoes. Their study showed the model's
ability to predict threshold levels of disease persistence, and to examine the impact of
interventions such as vector control and vaccination given different ecological
restrictions.
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Environmental and socio-behavioral determinants of JEV transmission have also been
broadly investigated. Kalita and Devi (2020) stressed the importance of media
awareness programmes in mitigating disease transmission through changing human
behaviour. Using an SEIR-type model, they introduced a media-induced ‘aware'
compartment in the susceptible fraction, showing that public health messaging can
have a subtle effect on vector-host interactions. Further, Tu et al. and humidity with JE
occurrence by way of a hybrid modeling system that integrates statistical models and
SEIR dynamics. Their results support the incorporation of climate-sensitive functions
in SEIR framework to represent an increase in vector population during and after a
flood.

The spatial distribution of JE has been of great concern in recent years, especially for
expanding into new areas, attributed to the climate changes. Ladreyt et al. (2022)
simulated JE transmission in rural Cambodian communities, and found that despite
being low-pig density areas, alternate host communities are capable of maintaining
viral transmission. This has major implications for SEIR-type models in flood-affected
areas, as livestock populations can change due to displacement or death, with
commensurate influences on host communities. Building on this work, Ladreyt et al.
(2023) analyzed the threat of JEV invasion onto Reunion Island, based on a
deterministic model, for which Ro was computed for different vector densities and
critical thresholds were identified for outbreak occurrence. Their work highlights the
necessity of including heterogeneity in both vector and host densities in the estimation
of JE risk in recently susceptible areas.

The calculation of the basic reproduction number focalizes SEIR models. It's a
measure of how efficiently the disease is transmitted, therefore guiding public health
responses. A number of works (Goswami, 2022; Goswami & Hussain, 2023) have
investigated Ro under saturated incidence and treatment functions, which captures the
real-life scenario of finite healthcare capacity during the epidemic outbreaks. Their
models combine logistic growth functions of pigs with analyses of healthcare
saturation and their impacts on outbreak control. Such issues are especially important
during floods, when access to health services is often limited. In addition, the backward
bifurcation is inverse and described by Dwivedi et al. (2022) indicates that halting
transmission (Ro = 0) or reducing Ro to less than 1 alone may not be adequate for the
elimination of the disease particularly when the pathogen has an animal reservoir unless
combined with strong control measures, and suggests that the intervention approaches
need to be comprehensive in nature particularly during emergency conditions created
by JE outbreaks induced by floods.

Dynamic of vaccine is an important factor of JE transmission model. Quan et al. (2020)
and Bouckenooghe et. (2019) bothpenetrated the vaccine efficacy and long-term
antibody persistence mechanisms inmathematical and statistical manners, respectively.
Their results suggest the addition of vaccination compartments to SEIR models in
order to represent protective immunity. In addition, it was theoretically estimated by
Kharismawati et al. (2019) used optimal control theory to determine best combinations
of vaccination, treatment, and vector management strategies, exemplifying the potential
use of SEIR based models for both predictions and decision-makings. Efficacy of these
interventions to reduce the number of human, pig and mosquito active infections was
confirmed by numerical simulations, important for policy planning in endemic regions
threatened by floods.
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Co-infection modelin g further better elucidates interactions between vector-borne
diseases. Dwivedi et al. demonstrated through a nonlinear deterministic
(compartmental) mathematical model of JE/dengue co-infections that JE vaccination
could reduce the burden of both diseases. This observation highlights the need for
integrated disease intervention strategy in the flood-affected regions, which often favor
multiple pathogenic infections due to environmental attributes. Similarly, Jhan et al.
(2021) analysed the immune pathology of flavivirus-generated encephalitis and
discovered a common inflammatory signature among JEV and dengue virus infections,
thus necessitating common control measures that can be integrated in the SEIR type of
model.

Recent progress in genetics and proteomics have also offered new elements in the
tuning of SEIR models. Wahaab et al. (2024) studied genotype-specific variability in
the activity of JEV protease, and Soni’s et al. (2025) elucidated antiviral drugs using
proteomic profiling. Such molecular details can guide model parameters, such as
infectivity and immune response rates, that adjust the biological realism of SEIR
simulations. Furthermore, Mambully et al. (2025) used phylogeographic calculation to
estimate the evolution and spread of JEV in different climatic regions, providing a
spatiotemporal baseline to include into a multi-region SEIR model.

Flood-induced epidemics require adaptation of modeling efforts to the local context.
Flores et al. (2024) constructed a GIS-based expert system for predicting the emergence
zones of JEV in Victoria, Australia with good fitness against real outbreak information.
Their method also illustrates that SEIR models can be combined with geospatial risk
analysis to identify at-risk communities. Models of this sort are important for predicting
JE transmission during flood events; the temporary water bodies provide good breeding
conditions for vectors.

And, lastly, the growing danger of JE to spread to new areas where it previously did
not exist has spurred worldwide surveillance efforts. Frank et al. (2023) reported for the
first time that the JEV was identified in both Europe and Africa, and thus called for
optimizing preparedness and modeling. Edache et al. (2025) confirmed the idea by
basing meta-analyses on both vector competence and concluded that field evidence for
vector adaptation already existed. Scheme 2 summarizes the implications of these
findings for the development of flexible, modularized SEIR models for emergent risks
in multiple ecological settings, possibly including those associated with flooding.

In summary, the SEIR driven mechanism presents a robust and flexible framework for
investigating the dynamics of JE transmission, especially in flood prone localities. With
the inclusion of ecological and vector-host interaction covariates, vaccination
strategies, and public health intervention the models offer useful tools for predicting
and controlling outbreaks. Incorporation of real-time data, climate factors, and
molecular biology into SEIR models will help us to respond more effectively to JE
extroversion. With increased marginalisation to vulnerable populations due to
worsening of flood events with climate change, such models will go a long way in
protecting these communities from the impact of Japanese Encephalitis.
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I1. SEIR-Based Modelling of Japanese Encephalitis Transmission

3.1 Introduction

Japanese Encephalitis (JE) is a mosquito-borne viral disease endemic to tropical and
subtropical areas, especially in low-lying rural areas with paddy fields. The flooding
creates new breeding sites for mosquitoes and the increase in disease transmission. A
SEIR model structure is modified to model JE dynamics that incorporates the
interaction of human and vector (mosquito) hosts whilst accounting for flood-related
transmission amplification.

3.2 Parameter Values

Parameter Symbol | Value Unit

Human birth rate | Ah 1h-Nh=0.000039-1000=0.039 | individuals/day
Vector birthrate | Av uv-Nv=0.0714-5000=357 mosquitoes/day
Human death rate | ph 170-365~0.000039 per day

Vector deathrate | uv 114~0.0714 per day
Transmission Bhv 0.3 per contact
(vector — human)

Transmission Bvh 0.4 per contact
(human — vector)

Incubation ch 16=0.167 per day
(human)

Incubation ov 110=0.1 per day
(vector)
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Recovery rate | vh 17=0.143 per day
(human)

Flood o 2.0 -
amplification

3.3 Model Compartment Definitions

For Humans

Sh(t): Susceptible humans

Eh(t): Exposed humans (infected but not yet infectious)

Ih(t): Infectious humans

Rh(t): Recovered/Immune humans

For Mosquito Vectors

Sv(t): Susceptible mosquitoes

Ev(t): Exposed mosquitoes

Iv(t): Infectious mosquitoes

Assumptions

Transmission occurs via mosquito bites (vector-to-human and vice versa).

No vertical
transmission in humans.

Recovery confers
lifelong immunity.

Flood increases vector
density and contact rate.

Vector lifespan is
shorter than human
lifespan.

Defined parameters

phv: Transmission rate
from vector to human

pvh: Transmission rate
from human to vector

ch: Progression rate
from exposed to
infectious in humans

ov: Progression rate from exposed to
infectious in vectors

vh: Recovery rate of humans

ph, pv: Natural death rates of humans and
vectors

Ah, Av: Recruitment (birth) rates for
humans and vectors

a: Flood-induced amplification factor in
transmission
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Reproduction Number (Ro)

The basic reproduction number RO for vector-borne SEIR models is derived as:

.Bhv-[’)vh-z-o-h-av Ny
(ontun) (Yatun) (optuv) i Np

Ro =V

Simulation Setup

 Initial population values

o Time span: 0-180 days

e Vary ato simulate flood impact

e Plot Ih(t) and Iv(t) over time

« Sensitivity analysis on Bhv, a, and ov

SEIR Model - Mosquito Vector Population

SEIR Model - Human Population

SEIR Model - Human Population
1000

800

600 Susceptible Humans (S+)
E S
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200 T

0 ———— ] ——— —— -
0 25 50 75 100 125 150 175
Time (days)

A time series graph of the SEIR model in the human hosts is shown for 180 days, which
shows (Sn), (En), (In) & and (Ry) vs. time. So, the susceptible population drops
precipitously as people get exposed and infected. The exposed and infected
subpopulations increase rapidly and decrease, maxima occur near day 40. The number
of recovered individuals grows 2 apart and eventually saturates at almost the total 3
population based on which we can claim that the recovery and eradication have been
achieved. This model underscores the efficacy of natural recovery without reinfection
and under constant population dynamics and without further interventions.

Human Population
o Sy decreases steadily as individuals become exposed.
o E,rises then declines as individuals progress to the infectious stage.
o I, peaks early due to flood-amplified vector transmission.

o Ry increases as infected individuals recover.
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amics of vectors E,, I,, and S, are displayed in grap the SEIR model of fig. At
the start of the simulation, almost all of the mosquitoes are naive, but over
time many of the mosquitoes become exposed and then infectious, with the
most infected mosquitoes occurring on day 50. Then, the E, and I, classes
decreases, which indicates that infected vectors become few in number and
eventually die out. On the other hand, the vulnerable vector population
2000 decreases at first and increases with the death of the infected vectors. This
oscillatory behavior mirrors the interaction between infection transmission
and vector dynamics. The model emphasizes the sensitivity of vector- borne
disease dynamics to vector population dynamics, important for our
understanding of outbreak prediction and control.
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Vi. Findings

Large Basic Reproduction Number (Ro = 26.2): The estimated value of Ro implies
that in a fully susceptible population, the average infected subject may infect about
260ther subjects. It demonstrates that flood-affected areas have a high infective
potential for Japanese Encephalitis Virus (JEV) infection.

Celerity of the Vector Infection Cycle: The rapidity of the mosquito vector infection
cycle (Sy — Ey — I,; SEIR model) rapidly decreases the susceptible mosquito vector
pool (S,) as vectors become exposed and then infectious, retaining the high level of
transmission force on the human pool. The exposed- and infectious-vector peaked
early (E, and I,), fueling the transmission in the early stage of the epidemic.

iii) Human Population Dynamics: The human compartmental graph shows a rapid

decrease on the susceptible population (Sy), then a sharp increase on exposed (Ex) and
infectious (In) population. The recovered class (Ry) gradually takes over, indicating
that when the population can start to recover, the epidemic comes to closure soon
after.

iv) Effect of Vector-to-Host Ratio (N/Ny): The high vector-to-host ratio (5:1) is observed

to increase the effective reproduction number so much that, such environment is too
dangerous in flood-based environments for good breeding of mosquitoes.

The results highlight a significant public health hazard. RORORO (26.2) indicated that
JE epidemic in flood regions was at higher risk of developing into an epidemic on the
scale of epidemic. Floods produce pools of standing water that favour mosquito
breeding and enhance vector-host contact. The SEIR model simulation shows that for
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preventing future spread, prompt interventions like vector control (larvicides,
insecticides), mass vaccination, public awareness, and reduction in mosquito-human
contact (nets, repellents) are seriousl needed. Also, shortening the period of
infectiousness through early diagnosis and treatment might serve to reduce
transmission. This model can be used as a tool for prediction and planning and by
authorities and epidemiologists preventively, especially before an outbreak cases
increase during monsoon or post-flood season.

I. Conclusion

This paper illustrates the potential and performance of SEIR type modeling in

simulating the epidemic dynamics of JE in flood affected areas. Through the
introduction of climateened parameters and the attention on the details of vector-host
interactions, the model convincingly models the impact of environmental disturbances,
especially flooding on disease transmission. The estimated reproductive number
R0~26.2Ro indicates an alarming transmissibility, emphasizing the immediate need for
early implementation of interventions for prevention and control.
Simulation results identify exposed and infectious compartments for human and
mosquito populations that are rapidly and early elevated during flooding-induced
outbreaks. These trends are indicative of increased transmission through higher vector
density and proximity. The dominance of the recovered human population suggests
that natural disease fade-out is possible, but the large peak in the number of infectious
individuals suggests that healthcare systems may be overwhelmed in the absence of
control.

Moreover, the model emphasis the necessity to account for flood sensitivity in
transmission analysis. The incorporation of flood amplification factors, vaccination

campaigns, and awareness programs leads to a more realistic forecast of epidemics and,
consequently, a better allocation of resources. Vector control interventions, including
larviciding, habitat management, and public awareness, are essential for reducing RO to
<1 and interrupting transmission.

In conclusion, the SEIR-type models, such as our flood-modified model, can be helpful for
decision-making based on local regulations. They independently contribute to an at least
partial explanation of temporal trends and timing of intervention, of particular relevance for
monsoon-affected regions of Southeast Asia. Optimization with additional real time data, GIS
inputs, and stochastic components can improve prediction outcomes, contributing to effective
epidemic preparedness and resilient planning.
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