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analysis characterized temporal and spatial patterns, while linear regression assessed
associations between wind parameters and pneumonia incidence. Pneumonia incidence
varied substantially over the observation period, reaching its lowest level in 2021, with 22
cases, and its highest in 2024, with 139 cases. Spatial heterogeneity was observed across
Community Health Center catchment areas, with a marked increase in Kereng Bangkirai
during 2023-2024. Maximum wind speed showed a strong positive association with
pneumonia incidence (B = 0.940, t = 8.827, p < 0.001), while wind direction at maximum
speed also demonstrated a significant association (§ = 0.972, t = 15.817, p < 0.001). These
findings indicate that wind variability may contribute to ecological patterns of childhood
pneumonia through atmospheric transport and exposure processes. Causal inference
remains limited by the ecological design, unmeasured environmental confounders, and the
circular nature of wind-direction data. Future studies should integrate circular statistical
methods, air-quality indicators, emission sources, land cover, and spatiotemporal pneumonia
data to strengthen environmental risk assessment.
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INTRODUCTION

Pneumonia in children under five remains an important global public health concern because
susceptibility to respiratory infection is shaped by interactions among biological vulnerability,
infectious agents, environmental conditions, and patterns of exposure (Perin et al., 2022). Young
children have developing immune and respiratory systems that may increase their sensitivity to
adverse environments (Murphy et al., 2024). Respiratory infections also occur within physical and
social settings that influence exposure to infectious agents and environmental hazards (Islam et al.,
2024). Meteorological variability, air quality, housing conditions, population density, and human
activity can modify these exposure pathways (Adhikary et al., 2024). An environmental health
perspective is therefore essential for understanding childhood pneumonia beyond individual clinical
risk factors (Ruffles et al., 2024). Recent evidence supports both the continuing importance of lower
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respiratory infections in under-five health and the contribution of environmental conditions to
childhood respiratory morbidity.

Meteorological conditions are particularly relevant to childhood respiratory health because
atmospheric processes influence the transport, dispersion, and concentration of airborne materials
(Lee et al., 2023). Temperature, humidity, rainfall, solar radiation, wind speed, and wind direction
influence local atmospheric conditions and pollutant concentrations (Nguyen et al., 2024). Wind
speed determines the intensity of air-mass movement and can alter the dilution or redistribution of
particulates and pollutants (Lin et al., 2024). Wind direction determines the orientation of air
movement and may influence the spatial transport of particulate matter toward specific receiving
areas (Chen et al., 2024). Variability in these parameters can generate differences in environmental
exposure across time and space through interactions among meteorology, wind fields, terrain, and
pollutant distribution (Song et al., 2022). Current evidence directly supports the roles of
meteorological variability, wind speed, wind direction, and local physical environments in determining
pollutant transport and exposure patterns.

Palangka Raya City provides a relevant setting for examining this relationship because it
includes urban settlements, open areas, vegetation, diverse human activities, and heterogeneous
environmental conditions. Pneumonia incidence among children under five fluctuated markedly
during 2016—2024, with substantial declines during 2020-2022 followed by a sharp increase in 2023
and 2024. Spatial differences were also evident across Community Health Center catchment areas.
Kereng Bangkirai showed a pronounced increase during the final years of observation, while
Pahandut and Menteng displayed different temporal profiles. These variations suggest that local
environmental characteristics may contribute to differences in pneumonia occurrence (Qu et al.,
2023).

Current environmental epidemiology increasingly recognizes meteorological variables as
potential determinants or modifiers of respiratory disease patterns through their effects on
atmospheric transport and population exposure (Demoze & Yitageasu, 2025). Previous research
has examined relationships between respiratory infections and temperature, humidity, rainfall,
seasonal variation, particulate matter, and other air-quality indicators. Wind-related variables have
also been incorporated into studies of pollutant dispersion and transport (Cruz et al., 2023). Existing
evidence supports a plausible ecological pathway linking emission sources, atmospheric movement,
exposure distribution, and susceptible populations. Wind speed and wind direction should therefore
be considered as complementary components of atmospheric exposure assessment. Demoze and
Yitageasu (2025) specifically demonstrated associations between meteorological factors and
childhood pneumonia, while Cruz et al. (2023) showed that regional and local wind circulations
substantially influence PM,.5; dynamics and aerosol transport.

Important research gaps remain regarding the specific relationship between wind variability
and childhood pneumonia in Palangka Raya City. Local evidence integrating pneumonia surveillance
with maximum wind speed and wind direction at maximum speed remains limited. Conventional
analyses may also oversimplify wind direction because directional data are circular, with 0° and 360°
representing the same orientation (Harvey et al., 2024). Linear treatment of directional degrees can
consequently produce misleading interpretations when this structure is ignored, supporting the use
of analytical approaches specifically designed for circular-linear relationships (Liu & Yan, 2024). The
present study addresses this gap by examining both wind parameters within an ecological framework
while explicitly recognizing the methodological limitations of linear analysis for directional data.
Harvey et al. explicitly demonstrate the special statistical requirements of wind-direction time series,
while Liu and Yan provide a contemporary circular-linear modeling framework for directional wind
data.
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The novelty of this study lies in integrating long-term childhood pneumonia data with wind
characteristics to explore temporal and spatial patterns within a local environmental health
framework. The analysis covers 2016—2024 and considers aggregate pneumonia incidence across
the Community Health Center's working areas alongside meteorological observations. Maximum
wind speed represents the intensity of air-mass movement, while the wind direction at maximum
speed indicates the potential transport orientation. This combined approach provides a preliminary
basis for identifying atmospheric patterns that warrant further investigation using high-resolution air-
quality measurements and emission-source characterization (Lung et al., 2025), together with
integrated spatiotemporal exposure and health-impact analysis (Bian et al., 2024). These references
are particularly appropriate because Lung et al. examined PM exposure sources in Indonesia using
high-resolution measurements. At the same time, Bian et al. (2024) demonstrated the value of
integrating spatial, temporal, pollution, population, and health information.

The present study aims to analyze the relationship between maximum wind speed and
pneumonia incidence among children under five in Palangka Raya City during 2016—2024 and to
evaluate the relevance of wind direction at maximum speed within the observed ecological pattern.
The study is important because the marked increase in pneumonia cases toward the end of the
observation period highlights the need for stronger environmental surveillance and locally relevant
risk assessment. A clearer understanding of meteorological associations, when integrated with air-
quality data, may support the identification of high-risk periods and areas, particularly because recent
pediatric evidence demonstrates important interactions between PM,.; and meteorological
conditions in respiratory infection risk (Wang et al., 2025). The findings are expected to provide an
empirical foundation for future environmental health research and the development of more
comprehensive pneumonia risk models and early-warning approaches, consistent with emerging
evidence supporting environmental surveillance as an early-warning strategy for respiratory disease
activity (Eren et al., 2024).

METHOD

Design

This study employed an analytical observational design with an ecological approach
(ecological study) to examine associations between meteorological parameters and pneumonia
incidence at the population level. The analysis relied exclusively on aggregate secondary data
collected across the defined observation period, with no direct assessment of individual participants.
No intervention, experimental manipulation, or participant recruitment was undertaken, consistent
with the non-interventional nature of ecological research.

Setting and Time

The study was conducted in Palangka Raya City, Central Kalimantan Province, Indonesia,
which served as the geographical setting for the ecological analysis. The observation period
spanned 2016—2024, providing 9 consecutive years of data to assess temporal patterns in childhood
pneumonia incidence and meteorological variability. The analytical dataset comprised routinely
collected records of pneumonia incidence among children under five, along with corresponding
meteorological parameters available throughout the study period.

Population, Sample, and Sampling
The study population comprised all available records of pneumonia incidence among children
under five in Palangka Raya City, along with corresponding meteorological data, including wind
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speed and wind direction, for the period 2016-2024. The analytical sample included all eligible
secondary data, consisting of aggregate pneumonia incidence records from Community Health
Center catchment areas and meteorological measurements of maximum wind speed and wind
direction recorded at the time of maximum wind speed. A total sampling approach (census/saturated
sampling) was used, in which every available data unit that met the predefined inclusion criteria
during the study period was included in the analysis. No random or purposive selection of
observation units was undertaken, ensuring that the analysis represented the complete set of eligible
aggregate data available for the 2016—2024 observation period.

Instruments and Measurement Properties

The study utilized routinely collected secondary datasets as the primary measurement
sources, comprising aggregate records of pneumonia incidence among children under five within
the catchment areas of Community Health Centers in Palangka Raya City. Meteorological exposure
was assessed using the maximum wind speed (ff_x), defined as the highest recorded wind speed
during the relevant observation period. Wind direction at the time of maximum wind speed (ddd_x)
was included as the directional meteorological parameter used to characterize prevailing airflow
conditions associated with each observation.

Data Collection Procedure

Secondary data on acute respiratory infection (ARI)/pneumonia cases among children under
five were obtained from the Palangka Raya City Health Office and organized according to
Community Health Center catchment areas. Meteorological observations describing wind
parameters were compiled for the same observation period spanning 2016—2024. Pneumonia
records were subsequently classified by geographical catchment area, Community Health Center,
and observation period to ensure consistency between the health and meteorological datasets used
in the analysis.

Data Analysis

Descriptive statistics were used to characterize the overall distribution of pneumonia incidence
across the study period and geographical units. Inferential analysis employed linear regression to
evaluate the associations between wind parameters and pneumonia incidence, with effect estimates
reported as the standardized beta coefficient (), t-value, and p-value. Statistical significance was
defined as p < 0.05.

Ethical Declaration

Ethical approval was obtained from the Institutional Health Research Ethics Committee before
data collection (Approval No. 401.3/0026/DPMPTSP/SKPU/VIII/2026). Informed consent was not
required because the study used secondary aggregate data without direct participant recruitment,
intervention, or access to identifiable information. Data confidentiality was maintained throughout the
study in accordance with the Declaration of Helsinki and applicable research ethics guidelines.

RESULT
Temporal Distribution of Pneumonia

The temporal distribution of pneumonia cases in Palangka Raya City varied substantially
between 2016 and 2024. The number of reported cases ranged from 22 cases in 2021 to 139 cases
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in 2024. After a decline from 101 cases in 2019 to 27 cases in 2020 and 22 cases in 2021, the
number of cases increased to 32 in 2022, 132 in 2023, and 139 in 2024.
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Figure 1. Temporal and Spatial Distribution of Pneumonia Cases in Palangka Raya City, 2016—2024

The temporal pattern demonstrates considerable variation in pneumonia incidence over the
study period. Cases increased substantially during 2023—2024 after relatively low numbers during
2020-2022, reaching the highest level observed in 2024 (139 cases).

Spatial Distribution of Pneumonia

The spatial distribution of pneumonia cases also varied across the Community Health Center
coverage areas. Pahandut recorded 71 cases in 2019, while Kereng Bangkirai saw cases increase
from 32 in 2023 to 66 in 2024. Menteng saw an increase from 8 cases in 2022 to 43 in 2023, then a
decrease to 20 in 2024. These findings indicate heterogeneity in the distribution of reported
pneumonia cases across geographic areas.

Table 2. Association of Meteorological Factors With Pneumonia Incidence

Meteorological factor N Standardized B t p
Maximum wind speed (ff x) 10 0.940 8.827 <0.001
Wind direction at maximum speed (ddd_x) 10 0.972 15.817 <0.001

The findings presented in Table 2 demonstrate that both maximum wind speed and wind
direction at maximum speed were positively and significantly associated with pneumonia incidence.
Maximum wind speed showed a strong association (B = 0.940, { = 8.827, p < 0.001), while wind
direction at maximum speed also demonstrated a strong positive association (8 = 0.972, t = 15.817,
p < 0.001). However, these findings should be interpreted cautiously because the regression
analysis was based on only 10 observations.

DISCUSSION

The present study identified marked temporal and spatial variation in childhood pneumonia
incidence in Palangka Raya City during 2016—2024, accompanied by strong statistical associations
with maximum wind speed and wind direction at maximum speed. Pneumonia cases declined during
2020-2022, reached the lowest level in 2021, then increased sharply in 2023 and 2024. Spatial
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heterogeneity was also evident across Community Health Center catchment areas, with Kereng
Bangkirai showing the most pronounced increase toward the end of the observation period.
Maximum wind speed was positively associated with pneumonia incidence (f = 0.940; p < 0.001),
and wind direction at maximum speed was also strongly associated (B = 0.972; p < 0.001). These
findings indicate that atmospheric variability may be relevant to the ecological distribution of
pneumonia, consistent with evidence that meteorological exposures can influence the risk of
childhood pneumonia (Lu et al., 2023).

The temporal pattern observed in Palangka Raya is broadly consistent with previous
epidemiological research showing that childhood respiratory infections fluctuate in response to
environmental, infectious, behavioral, and health-system factors. Studies in tropical settings have
reported variation in pneumonia and acute respiratory infection associated with meteorological
conditions, pathogen circulation, population mobility, air pollution, and healthcare utilization. The
reduction in recorded cases during 2020-2022 warrants caution, as this period coincided with major
changes in mobility, healthcare-seeking behavior, infection control, and disease surveillance during
the COVID-19 pandemic (Schroeder et al., 2022). The subsequent increase in 2023-2024 may
reflect renewed transmission, restored healthcare utilization, improved case detection, changes in
environmental exposure, or several processes acting simultaneously; a substantial post-pandemic
resurgence of pediatric respiratory infections has also been documented (Winthrop et al., 2024). The
available ecological data cannot distinguish among these explanations.

The spatial heterogeneity in pneumonia incidence is consistent with previous research
showing that respiratory disease burden is rarely uniformly distributed across geographic areas.
Differences in settlement density, housing quality, vegetation, traffic, open burning, and local
emission sources can produce distinct exposure environments. Large-scale ecological analyses
have demonstrated geographical variation in the burden of pneumonia and respiratory infections,
alongside differences in air pollution and meteorological exposures (Choo et al.,, 2023). The
contrasting patterns observed in Kereng Bangkirai, Pahandut, and Menteng suggest that local
environmental context may modify the relationship between meteorological conditions and
pneumonia occurrence. Wind-related exposure is especially dependent on source—receptor
geography because similar wind conditions can have different consequences across locations.
Strong winds may dilute pollutants in one area while transporting smoke, dust, or combustion-
derived particles toward another, making spatial context essential for interpretation.

The positive association between maximum wind speed and pneumonia incidence is
scientifically plausible through mechanisms involving pollutant transport, resuspension, dispersion,
and changes in population exposure to airborne material. Atmospheric research shows that wind
influences the movement of particulate matter, dust, smoke, bioaerosols, and combustion-related
pollutants. Experimental and modeling evidence indicate that increasing wind velocity can promote
resuspension and subsequent dispersion of previously deposited particles in urban environments
(Banari et al., 2023). Higher wind speed can reduce local pollutant concentrations through dilution
under some conditions. However, it can also increase resuspension of road dust and soil particles
or transport polluted air masses from surrounding areas. Epidemiological evidence further indicates
that both low- and high-wind-speed conditions may influence childhood respiratory morbidity, with
effects varying with local meteorological conditions (Yang et al., 2022). The strong positive
coefficient in this study should therefore be interpreted as a context-specific association rather than
evidence that stronger winds are universally harmful.

The observed relationship between wind conditions and pneumonia is also consistent with
broader evidence linking air pollution to respiratory infection in young children. Fine and inhalable
particulate matter can induce oxidative stress, airway inflammation, epithelial injury, and
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dysregulation of antimicrobial and antiviral immune responses, thereby increasing susceptibility to
respiratory infection (Esposito et al., 2025). Young children are particularly vulnerable because their
lungs and immune systems are still developing, and their ventilation rate relative to body size can
increase the inhaled dose of pollutants. Wind may act as an upstream determinant of exposure by
changing where airborne particles are transported or concentrated. The present study did not
measure PM,.5, PM;,, gaseous pollutants, or pathogen circulation, preventing direct testing of this
pathway. The findings are therefore best interpreted as supporting an atmospheric exposure
hypothesis that requires confirmation with direct environmental measurements.

The association with wind direction requires especially cautious interpretation because wind
direction is a circular variable rather than a conventional linear measure. Values near 0° and 360°
represent almost identical directions despite appearing numerically far apart, making ordinary linear
regression potentially inappropriate when raw degrees are entered directly into the model.
Contemporary methodological work on wind-direction variability emphasizes that directional
observations require circular statistical treatment because their periodic structure differs
fundamentally from conventional linear variables (Dallas et al., 2024). The reported 3 of 0.972 should
not be interpreted as indicating that progressively larger directional degrees correspond to
progressively higher pneumonia incidence. Circular statistics, vector-component transformations,
directional distributions, or source-oriented exposure models would provide more appropriate
analytical alternatives. A more informative analysis would determine whether specific directional
sectors are associated with increased case occurrence and whether those sectors correspond to
plausible emission sources or transport pathways.

The combined interpretation of wind speed and wind direction provides a stronger
environmental framework than assessing either variable in isolation. Wind speed characterizes the
intensity of air movement, whereas wind direction identifies the orientation of transport between
potential sources and exposed populations. Atmospheric exposure can be conceptualized as a
source—transport—receptor process in which pollutants are emitted, transported under specific wind
conditions, dispersed across space, and potentially inhaled by susceptible populations.
Computational evidence demonstrates that wind flow, urban morphology, turbulent mixing, and
transport pathways jointly determine the spatial dispersion of pollutants across urban environments
(Wang et al., 2024). The current findings therefore support development of a spatiotemporal model
integrating wind fields, PM,.s, PMig, land cover, settlement density, emission sources, and the
spatial distribution of pneumonia cases.

The public health implications of these findings are most relevant to environmental surveillance
and area-based risk assessment rather than individual clinical prediction. Routinely available
meteorological information could strengthen environmental health monitoring when interpreted
together with air-quality indicators and disease surveillance data. Community Health Center areas
showing repeated increases in pneumonia under specific atmospheric conditions could be prioritized
for environmental assessment, source identification, respiratory surveillance, and targeted
preventive communication. Integration of meteorological, pollution, and health data has already
demonstrated potential for developing predictive and early-warning models for respiratory health
outcomes (Sun et al., 2023). Locally calibrated systems could eventually identify periods when
atmospheric conditions favor increased exposure to harmful airborne material, although such
applications would require prospective development and external validation.

Several methodological limitations substantially affect the interpretation and generalizability of
the findings. The ecological design uses aggregate data and cannot establish whether individual
children diagnosed with pneumonia were personally exposed to the wind-related conditions
represented in the analysis, creating a risk of ecological fallacy: associations observed at the
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population level cannot automatically be transferred to individuals (Shih et al., 2023). The study
analyzed case counts rather than population-standardized incidence rates, leaving open the
possibility that changes in the number of children under five contributed to temporal or spatial
differences. Important confounders were not included, such as temperature, humidity, rainfall, air
pollution, wildfire or peatland smoke, housing conditions, nutritional status, vaccination,
socioeconomic conditions, healthcare access, pathogen circulation, and reporting practices. The
single-city setting further limits transferability to other environmental and healthcare contexts.

The statistical analysis also requires caution because the observation series is small relative
to the strength of the reported coefficients. The study period of 2016—2024 represents nine calendar
years, while the regression table reports N = 10, creating a discrepancy that should be clarified
before publication. Linear regression with very few aggregate observations can yield unstable effect
estimates and p-values that are sensitive to influential observations. Temporal observations may
also violate the independence assumption because adjacent observations can be autocorrelated, a
feature that requires explicit statistical accommodation in time-series analyses (Bottomley et al.,
2023). Common temporal trends between exposure and outcome can additionally generate
misleading or potentially spurious regression relationships when the time-series structure is
inadequately addressed (Cummins et al., 2022). Residual diagnostics, assessment of influential
observations, testing for temporal autocorrelation, and clarification of the analytical unit are therefore
necessary. Higher-frequency daily or monthly data analyzed using time-series or spatiotemporal
methods would provide a substantially more robust framework for future research.

CONCLUSION

Childhood pneumonia incidence in Palangka Raya City showed substantial temporal and
spatial variability during 2016-2024, with maximum wind speed and wind direction at maximum
speed demonstrating strong statistical associations with pneumonia occurrence. These findings
support the relevance of meteorological conditions within an environmental health framework,
particularly through their potential influence on atmospheric transport, pollutant dispersion, and
population exposure. The ecological design, the limited number of aggregate observations, the
absence of major environmental and individual-level confounders, and the linear treatment of wind
direction restrict causal interpretation and require cautious inference. Future studies should apply
higher-resolution spatiotemporal data, circular statistical methods, population-standardized
incidence measures, and integrated information on PM,.;, PM,,, emission sources, land cover,
settlement density, and other meteorological factors to clarify the mechanisms underlying observed
associations. Such an approach may strengthen environmental surveillance and support the
development of locally relevant pneumonia risk assessment and early-warning systems.
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