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Abstract

This study examines the long-term associations between ambient air pollutants and the
burden of major respiratory and infectious diseases in this geographically sensitive region.
A retrospective analysis was conducted using ICD-10-coded hospital records of patients
diagnosed with asthma, chronic obstructive pulmonary disease (COPD), bronchitis, and
tuberculosis from January 2020 to June 2026. These data were integrated with in situ air
quality measurements, including PM10, PM2.5, and SO2, as well as satellite-derived Aerosol
Optical Depth (AOD) from MODIS. Disease incidence was stratified by year, sex, and age
groups (0–85+ years) to assess demographic susceptibility patterns. Respiratory diseases
constituted a substantial public health burden over the study period. Asthma showed a
marked female predominance (≈29,700 females vs. ≈16,000 males) and a bimodal age
distribution with peaks in early childhood (0–5 years) and mid-adulthood (35–50 years).
COPD was predominantly observed in males (≈8300 males vs. ≈5500 females), with
a higher median age range (≈67–70 years). Bronchitis exhibited a similar bimodal pat-
tern, disproportionately affecting both pediatric and elderly populations, while overall
case numbers declined over time. Tuberculosis incidence was approximately threefold
higher in males than females, with notable age-related divergence, affecting younger fe-
males (≈30–32 years) and middle-aged males (≈42–45 years). The findings suggest a
spatial–temporal correspondence between elevated pollutant concentrations and respira-
tory disease prevalence in the Iğdır Basin. The observed sex- and age-specific disparities
underscore the potential value of region-specific environmental health strategies, strength-
ened air quality management, and continuous epidemiological surveillance in enclosed
basin environments.

Keywords: air pollution; microclimate basin; respiratory diseases; particulate matter;
spatial epidemiology; Iğdır

1. Introduction
Factors such as urbanization, industrialization, economic development and popu-

lation growth have made air pollution a significant global public health problem [1–3].
Air pollution increases the incidence of health problems such as respiratory disorders,
stroke, coronary diseases, and dementia [4]. According to the World Health Organization
(WHO), millions of premature deaths each year are associated with air pollution, with the
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respiratory system being the most sensitive target organ system to these pollutants [5,6].
In particular, criterion pollutants such as PM10, PM2.5, and SO2 are associated with the
incidence and clinical severity of chronic respiratory diseases such as asthma, COPD, and
bronchitis, as well as infectious diseases such as tuberculosis, through oxidative stress,
inflammation, and airway remodeling [7,8]. Topographically closed basin systems restrict
atmospheric circulation, increasing pollutant accumulation and causing air quality to reach
critical levels, especially under temperature inversion conditions [9,10]. This situation leads
to the trapping of anthropogenic emissions in near-surface layers, increasing respiratory mor-
bidity on a local scale. The Iğdır Basin in the Eastern Anatolia Region of Türkiye is a typical
microclimatic system characterized by a high air pollution load due to its depression morphol-
ogy surrounded by high mountains and frequent inversion events [11–13]. In the region, dust
transport increases PM10 levels during the summer months, while intensive fossil fuel use and
atmospheric stability increase PM2.5 and SO2 concentrations during the winter months. How-
ever, the long-term and holistic health effects of this multiple pollutant exposure have not been
adequately established at the regional level. The epidemiology of respiratory diseases shows
significant heterogeneity depending on age and gender. While infectious and allergic diseases
are dominant in childhood, the burden of chronic respiratory diseases increases in later life due
to decreased pulmonary reserve and immunosenescence. Gender-based differences, interacting
with biological characteristics, environmental exposures, and occupational risk factors, lead
to significant divergences in disease distribution. In addition, possible changes in diagnostic
classifications can make epidemiological interpretation difficult, especially among diseases such
as asthma and bronchitis [14,15].

The current literature mostly addresses the relationship between air pollution and respira-
tory diseases with macro-scale, short-term, or single-pollutant-focused approaches [16–18]. This
study analyzes the relationship between criterion pollutants such as PM10, PM2.5, and SO2

and cases of asthma, COPD, bronchitis, and tuberculosis in the Iğdır Basin during
the period 2020–2026 within an integrated framework. The contribution of this study is
the integration of long-term epidemiological records with multi-pollutant exposure data
(PM10, PM2.5, and SO2) within the topographically enclosed and microclimatically sensitive
Iğdır Basin. Specifically, the study aims to (i) examine the relationship between long-term epi-
demiological records and ambient air pollution data, (ii) characterize disease patterns according
to age- and sex-specific demographic characteristics, and (iii) evaluate potential environment–
health interactions within a geographically confined watershed. By combining ground-based air
quality measurements, satellite-derived aerosol observations, and demographic epidemiological
data within an integrated framework, this study seeks to improve the understanding of multi-
pollutant exposure patterns and associated health outcomes in enclosed basin environments.
The findings may provide region-specific insights that can contribute to future environmental
health assessments and air quality management strategies.

2. Data and Methods
2.1. Study Area

This research was conducted within the borders of Iğdır province in the Eastern
Anatolia Region of Türkiye, which exhibits microclimatic basin characteristics and has a
depression morphology (Figure 1). Surrounded by high mountain ranges, the research area
is a sensitive region (hotspot) where atmospheric pollutants accumulate cumulatively due
to its topographic structure that restricts vertical air movements, temperature inversion
processes frequently observed in winter months, and surface dust suspensions associated
with arid/semi-arid climate characteristics.
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Figure 1. Location map of the study area situated in the eastern part of Türkiye.

2.2. Data and Methods

In this study, two core datasets covering the period from January 2020 to June 2026
were integrated in order to analyze the temporal and holistic dynamics of environment–
health interactions (Table 1). This study utilized retrospective patient records from individ-
uals who sought treatment at healthcare facilities in Iğdır Province, covering eight different
disease groups (Asthma, COPD, Bronchitis, Tuberculosis, Pneumonia, Lung Cancer, Hy-
datid Cyst, and Pleurisy) coded according to the International Classification of Diseases,
Tenth Revision (ICD-10). The dataset includes demographic information disaggregated by
annual case numbers, age groups (0–85+), and gender (female/male). This structure allows
for both temporal and population-based analysis of disease burden.

Table 1. Integrated multi-source dataset with access links.

Data Category Variables Temporal Coverage Spatial Resolution Data Source Institution/Platform Access Link

Epidemiological
(respiratory diseases)

Asthma, COPD, bronchitis,
tuberculosis, pneumonia,
lung cancer, hydatid cyst,
pleurisy (ICD-10-coded)

2020–2026 Provincial (Iğdır) Hospital records Ministry of Health of Türkiye https://www.saglik.gov.tr
(accessed on 1 June 2026)

Ground air quality data PM10, PM2.5, SO2, NO2,
NOx, NO, O3

2020–2026 Station-based National Air Quality
Monitoring Network

Ministry of Environment,
Urbanization and Climate Change

https://csb.gov.tr/
(accessed on 8 June 2026)

MODIS aerosol products AOD, derived PM2.5/PM10 2000–2024 1–10 km MODIS (MAIAC &
global products)

NASA Earth Observing System
(EOS)

https://earthdata.nasa.gov
(accessed on 14 May 2026)

MODIS data access (direct) Terra/Aqua MODIS datasets 2000–present 250 m–10 km NASA LAADS DAAC NASA https://ladsweb.modaps.eosdis.nasa.gov
(accessed on 14 May 2026)

Google Earth Engine
(processing platform)

AOD, PM2.5/PM10 derived
layers 2000–present Variable GEE platform Google/NASA/USGS https://earthengine.google.com

(accessed on 14 May 2026)

Meteorological reanalysis
Temperature, humidity,
precipitation, boundary

layer height
2000–2024 ~0.25◦ ERA5 Reanalysis ECMWF/Copernicus CDS https://cds.climate.copernicus.eu

(accessed on 14 May 2026)

Topographic data Elevation, slope, aspect Static 30 m SRTM DEM NASA/USGS https://earthexplorer.usgs.gov
(accessed on 16 May 2026)

Geographic boundaries Administrative borders,
settlements Static Vector National GIS datasets Turkish Statistical Institute (TÜİK)

https://www.tuik.gov.tr
(accessed on 2 June 2026)
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The atmospheric dataset was created from data obtained from the Iğdır measurement
station within the scope of the National Air Quality Monitoring Network of the Ministry of
Environment, Urbanization and Climate Change of the Republic of Türkiye. In this context,
monthly average values of particulate matter concentrations (PM10 and PM2.5) and gaseous
pollutants such as SO2 (µg/m3) were included in the analyses. This data allows for the
long-term evaluation of regional air quality dynamics.

In addition, MODIS (Moderate Resolution Imaging Spectroradiometer) data were used
within the scope of remote sensing-based atmospheric observations. MODIS is a multi-band
sensor that monitors atmospheric components on a global scale, and its main products
include Aerosol Optical Depth (AOD), cloud properties, water vapor, and atmospheric
scattering parameters. MODIS does not directly measure PM2.5 and PM10; instead, it offers
an indirect estimation approach through AOD data, which represents the aerosol load in
the atmosphere [19,20]. In this approach, AOD values (especially at 550 nm wavelength)
are statistically correlated with near-surface particulate matter concentrations; further-
more, PM2.5 and PM10 predictions are improved by including meteorological variables
such as humidity, boundary layer height, and temperature in the model. MODIS-based
PM products are generally evaluated in two main groups. The first group consists of
global-scale model-based products. In these products, PM2.5 concentrations are generated
through statistical or machine learning-based models via the integration of MODIS AOD
data with meteorological variables and ground station measurements. These products
generally provide global PM estimates with spatial resolutions ranging from 0.01◦ to 0.1◦.
The second group consists of products based on the MAIAC (Multi-Angle Implementation
of Atmospheric Correction) algorithm. This approach provides AOD generation with a
resolution of approximately 1 km and obtains higher accuracy PM estimates, especially
in urban areas and complex topographic structures. The most important advantages of
MODIS-based PM data are its global coverage, its usability in regions where ground station
data is limited, and its production of long-term time series extending from 2000 to the
present. However, since this data is not direct measurement but model-based indirect esti-
mation, it has some limitations. Factors such as cloud cover, atmospheric conditions, and
surface reflectivity can affect accuracy; furthermore, deviations from actual ground-level
PM concentrations can be observed. Prediction uncertainty can increase, especially in basin
and valley systems with complex topography. In the literature, MODIS-based PM data
are widely used in respiratory system diseases (asthma, COPD), air quality trend analyses,
long-term air pollution studies, epidemiological modeling, and global mortality research.
In this respect, MODIS is considered one of the fundamental remote sensing data sources
in large-scale and long-term analyses of environmental exposure–health relationships.

This study employs a multi-source, integrated methodological framework to inves-
tigate the relationship between air quality and major respiratory diseases in the Iğdır
Basin. The analysis is based on a comprehensive dataset covering the period 2020–2026,
which combines ICD-10-coded epidemiological records (asthma, chronic obstructive pul-
monary disease, bronchitis, and tuberculosis), ground-based air quality observations
(PM10, PM2.5, and SO2) obtained from the national monitoring network, MODIS-derived
Aerosol Optical Depth (AOD) products, and 30 m resolution SRTM digital elevation model
data. Topographic and satellite-based datasets were processed within the Google Earth
Engine (GEE) and Python (version 3.11.9) environments using spatiotemporal masking and
harmonization procedures, while ground-station measurements were used for calibration
and statistical AOD–PM relationship modeling. The integrated processing pipeline resulted
in a unified spatiotemporal database suitable for coupled environmental–epidemiological
analysis. Within this framework, both annual and monthly temporal trend analyses were
conducted for the 2020–2026 period, alongside demographic stratification by age groups
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(0–85+ years) and sex to construct an exposure-sensitive epidemiological model. The fi-
nal analytical phase revealed distinct disease-specific patterns, including a bimodal age
distribution with female predominance in asthma, strong male dominance in COPD and
tuberculosis cases, and a bimodal distribution of bronchitis affecting both pediatric and
elderly populations. These patterns collectively indicate a topography-controlled micro-
climatic pollution environment in the Iğdır Basin, exerting differentiated health impacts
across demographic groups (Figure 2).

Figure 2. Methodological workflow chart illustrating the spatiotemporal integration of multi-source
datasets, statistical air quality modeling, and demographic stratification for the assessment of
environment–health interactions in the Iğdır Basin.

3. Results
When the distribution of bronchitis by gender was examined, it was determined

that the number of female patients diagnosed with bronchitis was slightly higher than
the number of male patients. Although the number of cases remained at similar levels
in both genders, this limited predominance observed in women reveals that bronchitis
shows a largely balanced distribution between genders in the study population. When
the distribution of COPD cases by gender was evaluated, a significant difference was
observed. While the number of individuals diagnosed with COPD in female patients was
determined to be approximately 5500, this number reached approximately 8300 in male
patients. The results obtained show that the prevalence of COPD is significantly higher
in men compared to women. This situation can be explained by the fact that smoking
habits, occupational exposures, and environmental risk factors have historically been more
common in the male population. When the gender distribution of asthma patients was
examined, a significant concentration was observed in women. While the number of fe-
male patients diagnosed with asthma reached approximately 29,700, the number of male
patients remained at approximately 16,000. These findings reveal that the prevalence of
asthma in the study population is significantly higher in women than in men. This higher
frequency observed in women can be attributed to hormonal differences, immunological
mechanisms, and increased susceptibility to environmental triggers. When the gender dis-
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tribution of tuberculosis cases is evaluated, male patients are clearly dominant. The number
of patients diagnosed with tuberculosis in men was recorded as 16, while this number
was only 5 in women. The results show that tuberculosis cases are approximately three
times more common in men than in women. Although the total sample size is limited,
the obtained distribution is consistent with the findings of international epidemiological
studies that report a higher incidence of tuberculosis in men (Figure 3).

 

(A) (B) 

 

(C) (D) 

 
(E) (F) 

Figure 3. Gender-based distribution of respiratory diseases in the study population. (A) Bronchitis,
(B) COPD, (C) Asthma, (D) Tuberculosis, (E) Hydatid cyst, and (F) Pneumonia. Each panel shows the
number of male and female patients diagnosed with the respective disease.
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3.1. Disease Distribution by Age and Gender

The age distribution of bronchitis cases shows two distinct peaks (bimodal distribution).
The highest case density is seen in the 0–5 age group with approximately 1400 cases, while a
significant decrease occurs in the 5–10 age group. Case numbers remained relatively stable in
the young adult and middle-aged groups (15–50 years), while a second concentration was
observed in the 55–65 age range with approximately 650 cases. After the age of seventy-
five, case numbers decreased rapidly and approached zero in older ages. This distribution
shows that infectious bronchitis cases are dominant in childhood, while chronic bronchitis
and COPD-related cases are dominant in older ages (Figure 4). The high prevalence in
childhood can be explained by the incomplete development of the immune system and high
exposure to infection; the second concentration in older ages can be explained by smoking,
environmental exposures, and age-related loss of lung function. COPD cases showed a
significant increase with age. While case numbers remained quite low in individuals under
forty, a gradual increase began after forty, accelerating from fifty onwards and reaching
its peak in the 65–75 age range with approximately 2200–2250 cases. After eighty years of
age, case numbers showed a tendency to decrease again. This age distribution reflects the
epidemiological structure of COPD, which is associated with long-term smoking, exposure to
biomass fuels, air pollution, and cumulative lung damage due to aging.

Figure 5A compares the age distributions of tuberculosis, hydatid cyst, and pneumonia
cases in female patients using box plots. The findings show a significant age gradient among
the diseases. The lowest median age was determined in the tuberculosis group, approxi-
mately 28–30 years. While the majority of cases are concentrated in the 20–52 age range,
the distribution varies between approximately 12–75 years. This indicates that the disease
predominantly affects young adults, but can also be seen in different age groups. In hy-
datid cyst cases, the median age is approximately 45–48 years, with the interquartile range
concentrated in the 30–65 age range. This finding shows that the disease is more common,
especially in the middle-aged group. Although the distribution is relatively homogeneous,
a limited number of outliers reveal that the disease can also be seen in younger and older
individuals. The highest median age was found in the pneumonia group. The median age is
approximately 60 years, and the upper quartile extending beyond 70 years indicates that the
disease is more common in older women. The wide age distribution and concentration of cases
in older age groups are consistent with epidemiological findings suggesting that age-related
decrease in immune function and the burden of chronic diseases increase the risk of pneumonia.
Overall, it is observed that tuberculosis is more prevalent in young adults, hydatid cysts in
middle-aged individuals, and pneumonia in older age groups among female patients. These
age-related differences are related to the etiology of the diseases, exposure characteristics, and
changes in immune responses. The high median age and wide distribution observed particularly
in pneumonia demonstrate that the disease constitutes a significant public health problem in the
elderly female population and highlight the importance of age-specific preventive approaches
and early diagnosis strategies.
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(G)  

Figure 4. Age-specific distribution of respiratory and selected infectious diseases in the study
population. (A) Bronchitis, (B) COPD, (C) Asthma, (D) Tuberculosis, (E) Hydatid cyst, (F) Cancer, and
(G) Pneumonia. In each panel, the squares (bars) represent the histogram of the number of patients
within each age interval, and the line represents the kernel density estimate (smoothed distribution
curve) of patient age.
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(A) 

 
(B) 

Figure 5. (A) Age distribution of tuberculosis, hydatid cyst, and pneumonia cases in female patients.
(B) Age distribution of respiratory and infectious diseases in male patients.

Figure 5B compares the age distributions of respiratory system and infectious diseases
examined in male patients using box plots. The findings show that there are significant
age differences between diseases and that age is one of the key variables determining
the epidemiological characteristics of diseases. Bronchitis and asthma groups are among
the diseases with the lowest median age values. In bronchitis cases, the median age is
approximately 38 years, and the interquartile range shows a wide distribution between
20–60 years. Numerous outliers reveal that the disease can be seen in a wide age range
from childhood to old age. In asthma cases, the median age is approximately 35–40 years,
and despite a narrower interquartile range, a significant concentration is observed in lower
age groups. COPD stands out as the disease with the highest median age in male patients.
The median age is approximately 68–70 years, and the interquartile range is 55–75 years.
The concentration of distribution in older age groups reflects the epidemiological structure
of the disease, which is associated with aging, long-term smoking, and chronic environ-
mental exposures. The median age in tuberculosis cases is approximately 45 years, with
the majority of cases concentrated in the 30–55 age range. In the hydatid cyst group, the
median age is approximately 30 years, with interquartile ranges between 20–40 years.
This indicates that hydatid cyst affects young adults more often in men and that the age
distribution is more homogeneous compared to other diseases. The pneumonia group
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stands out as the disease with the highest median age after COPD. The median age is
approximately 62–65 years, with interquartile ranges between 40–75 years. The outliers
observed in older age groups show that pneumonia occurs more frequently, especially in
elderly men, and can be seen in a wide age spectrum. Overall, bronchitis and asthma are
more prevalent in younger and middle-aged men, tuberculosis in middle age, hydatid
cysts in young adults, and COPD and pneumonia in older age groups. This age gradient
is consistent with the etiology of the diseases, environmental exposures, lifestyle, and
age-related physiological changes. The high median age and wide distribution observed
in older age groups, particularly for COPD and pneumonia, highlight the importance of
preventive health services, early diagnosis programs, and risk-based clinical approaches
for the elderly male population.

COPD stands out as the disease with the highest median age in men (approximately
68–70 years). The concentration of the distribution in older ages supports the nature of
COPD as being associated with aging, long-term smoking, and chronic environmental
exposures. Limited data are available for this disease in women, and a distinct distribution
pattern cannot be observed. In asthma cases, the median age of male patients is approxi-
mately 35–38 years, and the distribution is spread across a wide age range. This indicates
that asthma can affect both young and middle-aged groups.

In tuberculosis, a significant difference is observed between genders. While the median
age in men is approximately 42–45 years, this value drops to approximately 30–32 years in
women. Although a distribution shifted to younger ages is noticeable in women, it is seen
that the disease is predominantly concentrated in the middle-aged group in both genders.

In hydatid cyst, an inverse gender difference emerges. While the median age in men
is approximately 30–32 years, this value rises to approximately 48–50 years in women.
The wider interquartile range observed in women indicates that the disease is more common
in middle-aged women.

In pneumonia cases, there is no significant difference in median age between men and
women. The median age is approximately 60–62 years in both genders. The slightly wider
distribution in men indicates that the disease commonly affects both sexes in older age groups.
While COPD and pneumonia are concentrated in older age groups, asthma and bronchitis
are seen in a wide spectrum starting from younger ages. Gender differences are particularly
pronounced in tuberculosis and hydatid cysts, and this is likely related to biological, environ-
mental, and behavioral factors. The results provide important epidemiological findings for
the development of age- and gender-specific preventive health strategies.

Figure 6 illustrates the seasonal and interannual variations in monthly average PM10

concentrations in Iğdır between 2022 and 2024. PM10 levels exhibited a clear seasonal pat-
tern, with elevated concentrations during winter and late autumn, while relatively lower
values were observed in spring and summer. The highest concentrations were recorded in
January 2022 (~165 µg/m3), November 2022 (~205 µg/m3), January 2023 (~210 µg/m3),
and December 2023 (~178 µg/m3), reflecting the combined effects of temperature inversions,
low wind speeds, domestic heating emissions, and the basin’s enclosed topography, which
favors pollutant accumulation. In contrast, the lowest concentrations generally occurred
during spring and early summer, with values ranging from approximately 45 to 70 µg/m3,
likely due to enhanced atmospheric mixing, precipitation, and reduced heating-related
emissions. A similar seasonal cycle was observed in 2024, although PM10 concentrations
were relatively lower compared with 2022 and 2023. Nevertheless, increases were again
observed from late summer onwards, which may be associated with dry surface conditions,
regional dust transport, and agricultural activities. The observed PM10 concentrations
frequently exceeded the WHO annual mean guideline value of 15 µg/m3. The maxi-
mum monthly concentrations recorded in November 2022 (~205 µg/m3), January 2023
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(~210 µg/m3), and December 2023 (~178 µg/m3) were approximately 12–14 times higher
than the WHO guideline value. Even during periods with relatively lower concentrations,
PM10 levels generally remained between 45 and 90 µg/m3, corresponding to approximately
3–6 times the recommended annual guideline value. These results indicate that particulate
matter pollution represents a persistent environmental concern in the Iğdır Basin, particu-
larly during winter periods when atmospheric stagnation and pollutant accumulation are
more pronounced.

 

 

Figure 6. Monthly variation in PM10 concentrations in Iğdır over 2022–2025.

Figure 7 shows a distinct seasonal cycle in the average monthly PM2.5 concentrations
in Iğdır throughout 2022. At the beginning of the year, particularly in January, values are
quite high (approximately 135 µg/m3), while in February, a significant decrease and a
downward trend begin. In March, the PM2.5 concentration drops to one of its lowest levels
of the year, falling to approximately 20 µg/m3. During the spring and summer months, a
generally low and stable trend is observed. Between April and June, values remain at low
levels, with minimum levels particularly observed in May and June. This can be attributed
to increased atmospheric mixing, the effect of rainy periods, and a decrease in emissions
from warming. From late summer and early autumn (July–October), a gradual increase in
PM2.5 values is noticeable. This increase can be explained by arid surface conditions, dust
resuspension, and increased anthropogenic emissions. A significant increase is observed
in the last quarter of the year, with PM2.5 concentrations reaching high levels again in
November and December, approximately in the range of 125–135 µg/m3. The observed
PM2.5 concentrations in Iğdır frequently exceeded the WHO air quality guideline values.
The highest monthly concentrations, reaching approximately 135 µg/m3 in January and
125–135 µg/m3 in November–December 2022, were more than 25 times higher than the
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WHO annual mean guideline value of 5 µg/m3. Even during periods with relatively
lower concentrations, PM2.5 levels remained above the recommended guideline values,
indicating persistent fine particulate matter pollution, particularly during winter months
when atmospheric stagnation and pollutant accumulation are enhanced.

 

Figure 7. Monthly variation in PM2.5 concentrations in Iğdır over 2022–2025.

The average monthly PM2.5 values for 2025, similar to 2022, exhibit a distinct seasonal
cycle but show sharper fluctuations in amplitude. Concentrations begin at approximately
110–120 µg/m3 in January, then show a rapid decrease in February and March, reaching
significantly low levels (approximately 20–45 µg/m3) during the spring. Values generally
remain low and stable from April to August, maintaining minimum levels during the
summer months. A significant upward trend emerges from the autumn period, accelerating
in October. A sharp jump is observed in November, with PM2.5 concentrations reaching
approximately 170 µg/m3, and reaching the highest value of the year, approximately
200 µg/m3, in December. This indicates that pollutant accumulation is more intense at the
end of winter and the end of the year compared to 2022. In general, a comparison shows
that both years have low PM2.5 values in the summer months and high values in the winter
months; however, a sharper increase and higher maximum values are noticeable, especially
in the last two months of 2025.

Across 2022–2025, monthly SO2 and PM10 observations in Iğdır consistently exhibit a
pronounced and recurrent seasonal cycle characterized by elevated winter concentrations
and reduced summer levels. This pattern indicates a systematic influence of anthropogenic
emissions, primarily residential heating based on fossil fuel combustion, modulated by
regional meteorological and topographical conditions. The basin-like morphology of Iğdır,
surrounded by high terrain, together with frequent winter temperature inversions and
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weak wind regimes, restricts atmospheric dispersion and promotes pollutant accumula-
tion near the surface. In all examined years, SO2 concentrations peak during the cold
season (particularly January–March and November–December), reaching maximum val-
ues under conditions of intensified heating demand and stable atmospheric stratification.
In contrast, spring and summer periods consistently show minimum levels due to reduced
heating emissions, enhanced atmospheric mixing, higher boundary layer heights, and
occasional wet deposition. Short-term deviations within the general pattern (e.g., minor
spring or late-summer increases) are attributed to transitional temperature fluctuations
and episodic emission variability. Overall, the multi-year evidence demonstrates that air
quality dynamics in Iğdır are governed by a coupled system of emission intensity and mi-
croclimatic controls, with clear implications for seasonal public health risk, particularly in
winter months when pollutant accumulation is most pronounced (Figure 8). The observed
PM2.5 concentrations in Iğdır frequently exceeded the WHO air quality guideline value
of 5 µg/m3 for annual mean exposure. In 2025, monthly average concentrations reached
approximately 170 µg/m3 in November and 200 µg/m3 in December, corresponding to
nearly 34 and 40 times the WHO annual guideline value, respectively.

  

Figure 8. Monthly variation in SO2 concentrations over 2022–2025.

The monthly mean NO2 concentrations in Iğdır exhibit a clear and consistent sea-
sonal variability across the observed years, strongly influenced by regional climatic and
anthropogenic factors. In 2022, NO2 levels show a distinct cold season intensification, with
elevated concentrations during late autumn and winter and markedly reduced values in
summer. The highest concentration is observed in late autumn, reaching approximately
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38 µg/m3, while the lowest levels occur during the warm season, particularly in July, with
values around 10 µg/m3. A similar but more pronounced seasonal structure is evident
in 2025, where NO2 concentrations follow a strong U-shaped pattern consistent with the
basin’s topographic enclosure and atmospheric dynamics. Levels progressively decline
through spring, reaching a summer minimum of approximately 11 µg/m3 in June, followed
by a sharp and substantial increase in late autumn. An exceptional peak of approximately
74 µg/m3 is recorded in November, followed by persistently high concentrations of about
69 µg/m3 in December and a secondary winter peak of around 36 µg/m3 in February
(Figure 9). The highest NO2 concentration recorded in autumn 2022 (~38 µg/m3) exceeded
the WHO annual guideline value by approximately 3.8 times and the 24 h guideline value
by about 1.5 times. In 2025, NO2 concentrations reached approximately 74 µg/m3 in
November and 69 µg/m3 in December, corresponding to around 7.4 and 6.9 times the
WHO annual guideline value, respectively, and exceeding the 24 h guideline value by
approximately 3 and 2.8 times. Even during the summer minimum period, when concen-
trations decreased to approximately 10–11 µg/m3, values remained close to or slightly
above the WHO annual guideline level. These results indicate that NO2 pollution in Iğdır
exhibits a pronounced seasonal pattern, with elevated concentrations particularly during
colder months under the influence of increased emissions and unfavorable atmospheric
dispersion conditions.

  

Figure 9. Monthly variation in NO2 concentrations over 2022–2025.

The monthly mean NOx concentrations in Iğdır for 2022 exhibit a pronounced seasonal
cycle characterized by elevated levels during the cold period and markedly reduced concen-
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trations in the warm season. A substantial decline is observed during spring and summer,
reaching a minimum of approximately 12 µg/m3 in July (Figure 10). Following this low
baseline, concentrations increase sharply from early autumn, culminating in a prominent
peak of approximately 58 µg/m3 in November, with a secondary winter maximum of about
42 µg/m3 in February. This temporal behavior reflects the combined influence of increased
fossil fuel combustion for residential heating and reduced atmospheric mixing heights
during late autumn and winter, which enhance the accumulation of combustion-related
gaseous pollutants within the topographically confined Iğdır Basin. In 2025, NO concen-
trations demonstrate a highly asymmetric U-shaped seasonal pattern, characterized by
persistently low values throughout the warm season and abrupt intensification in late au-
tumn. Between April and September, concentrations remain stable and minimal, reaching
a baseline of approximately 2 µg/m3 in June and July. A rapid increase begins in October
(approximately 12 µg/m3), followed by a sharp peak of about 46 µg/m3 in November,
after which levels decline to roughly 32 µg/m3 in December. Although the WHO does not
provide specific air quality guideline values for total NOx, the observed concentrations
indicate pronounced seasonal variability associated with combustion-related emissions.
NOx levels increased substantially during late autumn and winter, reaching approximately
58 µg/m3 in November 2022 and 46 µg/m3 in November 2025, while substantially lower
concentrations were observed during the warm season. This seasonal pattern reflects
the combined influence of increased residential heating emissions, reduced atmospheric
mixing, and the enclosed topography of the Iğdır Basin, which promotes the accumulation
of combustion-derived pollutants during cold periods.

  

Figure 10. Monthly variation in NOx concentrations over 2022–2025.
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Figure 11 presents the seasonal variation in monthly mean O3 (ozone) concentrations
in Iğdır province for 2022 and 2025. In 2022, ozone levels displayed moderate intra-
annual variability, reaching a maximum of approximately 50 µg/m3 in March, likely
driven by enhanced solar radiation and intensified photochemical activity. Concentrations
subsequently decreased to about 26 µg/m3 by June, followed by a modest secondary
increase in July (32 µg/m3). During autumn, values remained relatively stable within
the range of 23–28 µg/m3, before declining to an annual minimum of approximately
15 µg/m3 in December. In contrast, the 2025 dataset exhibits a more pronounced seasonal
amplitude. Starting at 39 µg/m3 in January, ozone concentrations increased steadily
through spring, peaking at approximately 101 µg/m3 in July, and remained elevated
throughout the summer period. A marked decline was observed thereafter, with values
reaching a minimum of about 19 µg/m3 in December. The observed O3 concentrations
were evaluated in relation to the WHO air quality guideline value of 100 µg/m3 for the
maximum daily 8 h mean ozone concentration. While ozone levels generally remained
below this threshold in 2022, concentrations increased substantially during the summer
period of 2025, reaching approximately 101 µg/m3 in July and marginally exceeding the
WHO guideline level. This seasonal increase is consistent with enhanced photochemical
ozone formation under strong solar radiation and warmer atmospheric conditions.

  

Figure 11. Monthly variation in O3 concentrations over 2022–2025.
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3.2. Spatial and Temporal Distribution of PM10 Concentrations During the Autumn
Season (2000–2024)

Figure 12 presents the spatiotemporal distribution of autumn PM10 concentrations
derived from MODIS satellite data for Türkiye during 2000–2024. The results reveal
pronounced spatial and temporal heterogeneity, with concentrations ranging from near
0 to 32.8 µg/m3. The observed color gradient from blue to yellow–orange–red indicates
substantial variability in particulate matter levels across the country. The early period
(2000–2005) is characterized by relatively elevated PM10 concentrations and extensive
high-intensity areas. Between 2006 and 2015, concentrations exhibit considerable interan-
nual variability without a consistent trend. After 2016, a gradual decrease in PM10 levels
becomes apparent, with a growing dominance of low-concentration areas, particularly
during 2020–2024, suggesting an overall improvement in autumn air quality at the national
scale. However, persistently high concentrations remain evident in eastern Türkiye, where
values frequently reach 20–32.8 µg/m3. Seasonal patterns indicate that spring and summer
PM10 distributions are strongly influenced by regional environmental and climatic controls.
Higher concentrations in eastern and southeastern Türkiye are associated with enhanced
dust transport, increased agricultural activities, soil erosion, dry conditions, and meteoro-
logical factors including prevailing wind regimes and atmospheric stability. In contrast,
western and central regions generally exhibit lower PM10 levels. During both seasons,
elevated concentrations were more widespread in the early 2000s, followed by substantial
interannual fluctuations between 2008 and 2015. A gradual reduction in high-concentration
areas is observed after 2016, particularly during 2020–2024, although episodic pollution
events continue to occur in dust-prone regions. Winter PM10 concentrations display the
strongest regional variability, with values ranging from 0 to 69.7 µg/m3. Elevated concen-
trations are predominantly observed in eastern and southeastern Türkiye, while western
and central areas generally maintain lower levels. This pattern is likely related to winter
atmospheric conditions, including temperature inversions, reduced atmospheric mixing,
and the accumulation of locally emitted particles. Although a decline in high-PM10 areas is
evident after 2016, particularly in 2020–2024, occasional high-concentration episodes persist
during winter months, highlighting the continued influence of seasonal meteorological
conditions on particulate pollution patterns.

Figure 13 presents the seasonal spatiotemporal distribution of PM2.5 concentrations
derived from MODIS satellite data for Iğdır during 2000–2024. The results demonstrate
pronounced seasonal and interannual variability in fine particulate matter pollution, with
concentration ranges differing substantially among seasons. Autumn PM2.5 concentrations
vary from near 0 to 19.6 µg/m3, showing a persistent east–west gradient within the re-
gion. Higher concentrations are consistently observed in eastern and southeastern Iğdır,
whereas western and central areas exhibit lower levels. This spatial pattern is likely related
to post-harvest agricultural activities, soil disturbance, local emission sources, and dry
autumn conditions that enhance particulate resuspension. Temporally, elevated PM2.5

levels were more widespread during 2000–2012, followed by a gradual decline after 2013,
with a notable reduction in high-concentration areas during 2016–2024. Spring exhibits
the highest PM2.5 variability, with concentrations ranging from near 0 to 96.7 µg/m3. Ele-
vated values are predominantly observed in eastern and southeastern Iğdır, reflecting the
combined influence of regional dust transport, agricultural activities, wind dynamics, and
atmospheric stability conditions. High concentrations were particularly evident during
2000–2008, followed by substantial interannual fluctuations between 2009 and 2015 and
a general decreasing trend after 2016. Although the overall reduction continued during
2020–2024, episodic high-concentration events remained detectable. Summer PM2.5 concen-
trations are comparatively lower, ranging from 1.4 to 28.8 µg/m3. A similar spatial gradient
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persists, with higher levels concentrated in eastern sectors and lower values dominating
western and central areas. The temporal pattern indicates relatively frequent elevated
concentrations during 2000–2010, followed by a progressive decline after 2015 and an
expansion of low-concentration areas. Compared with other seasons, summer exhibits
weaker particulate pollution intensity and lower variability, with recent high-concentration
episodes becoming more localized. Winter demonstrates distinct PM2.5 accumulation pat-
terns, with concentrations ranging from 0 to 41 µg/m3. The highest values are concentrated
across the Iğdır Plain, where basin topography restricts atmospheric dispersion and pro-
motes pollutant accumulation. These conditions are further intensified by winter heating
emissions, frequent temperature inversions, and reduced ventilation. The period 2000–2012
is characterized by extensive high-concentration zones, whereas a gradual reduction in
elevated PM2.5 levels becomes evident after 2013, with a more pronounced improvement
during 2016–2024. Nevertheless, episodic winter pollution events continue to occur, high-
lighting the persistent influence of local topography and seasonal meteorological conditions
on fine particulate matter variability.

Figure 12. Seasonal spatial distribution of PM10 concentrations (µg/m3) derived from MODIS satellite data
for the 2000–2024 period: (A) autumn (Min: 0, Max: 32.8 µg/m3), (B) spring (Min: 0, Max: 100 µg/m3),
(C) summer (Min: 2.3, Max: 48.9 µg/m3), and (D) winter (Min: 0, Max: 69.7 µg/m3). The color scale
transitions from blue (low concentration) to red (high concentration), with each panel representing the
annual seasonal average for the corresponding year (2000–2024).
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Figure 13. Seasonal spatial distribution of PM2.5 concentrations (µg/m3) derived from MODIS
satellite data for the 2000–2024 period: (A) autumn (Min: 0, Max: 19.6 µg/m3), (B) spring (Min: 0,
Max: 96.7 µg/m3), (C) summer (Min: 1.4, Max: 28.8 µg/m3), and (D) winter (Min: 0, Max: 41 µg/m3).
Color scale transitions from blue (low concentration) to red (high concentration), with each panel
representing the annual seasonal average for the corresponding year (2000–2024).

4. Discussion
This study presents a comprehensive epidemiological analysis that holistically evalu-

ates the relationship between air pollution (PM10, PM2.5, and SO2) and respiratory disease
burden in a topographically enclosed region with limited atmospheric circulation, such as
the Iğdır Basin, during the period 2020–2026.

The winter-dominant peak in PM2.5 and SO2 concentrations, associated with COPD
exacerbations and chronic bronchitis in older males, coincides with the same basin-trapping
mechanism (temperature inversion and limited ventilation) that produces the sharpest east–
west concentration gradients in winter. Similarly, the summer–autumn dust-driven rise in
PM10, linked in this study to asthma and acute bronchitis exacerbations, corresponds spatially
to the same eastern and southeastern sectors that show persistently elevated PM10 values
across the 2000–2024 series (Figures 12 and 13). Taken together, these parallel patterns suggest
that the populations most exposed to the highest pollutant loads, both temporally and spatially,
are plausibly also those bearing the greatest respiratory disease burden.

The findings indicate a significant association between air pollution dynamics and
respiratory disease incidence [21,22]. The findings reveal a significant increase in respiratory
diseases, particularly during winter periods when PM2.5 and SO2 concentrations are high.
This can be explained by fine particulate matter reaching the alveolar level, increasing
oxidative stress, inflammation, and airway hyperreactivity [23,24]. The mountainous
topography surrounding the Iğdır Basin limits atmospheric ventilation, causing pollutants
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to accumulate in near-surface layers and thus increasing exposure doses. This mechanism
supports the concentration of chronic and infectious diseases, particularly COPD and
pneumonia, in older age groups [25,26]. The observed increases in PM10 levels during
the summer and autumn periods are related to dust transport and surface resuspension.
This coarse particulate exposure leads to symptom exacerbations, especially in diseases
with high airway sensitivity such as asthma and bronchitis. Time series findings show that
seasonal peaks in air pollution parallel fluctuations in disease burden [27,28]. From an
epidemiological perspective, the contrasting trends in asthma and bronchitis cases suggest
an impact of chronic inflammation related to air pollution exposure on disease classification.
Specifically, increased exposure to fine particulate matter (PM2.5) correlates with a rise
in asthma diagnoses, while the decrease in bronchitis cases may be related to possible
diagnostic reclassification or clinical coding changes [29]. Conversely, the observed increase
in COPD and pneumonia reflects the cumulative effect of long-term pollutant exposure
and weakening of the immune system. Demographic analyses show that the impact of air
pollution differs significantly according to age and gender. Children are more susceptible
to particulate matter due to their developing respiratory systems, while the risk increases
in older age groups due to decreased pulmonary reserve and immunosenescence [30,31].
By gender, the burden of COPD and tuberculosis is higher in men, while the prevalence of
asthma is higher in women; these differences are related to both biological susceptibility and
different exposure profiles. In conclusion, the findings suggest that the burden of respiratory
system diseases in the Iğdır Basin is associated with air pollution levels, and that the basin's
enclosed topography, seasonal atmospheric stability, and demographic vulnerabilities
may have influenced this observed association. These findings highlight the need for
regional-level air pollution control policies to be evaluated in conjunction with health
outcomes. Table 2 presents a structured comparison of major environmental exposures and
their associated respiratory health outcomes, emphasizing temporal variability, population
susceptibility, and underlying epidemiological mechanisms.

Table 2. Seasonal and source-specific environmental exposures, vulnerable populations, and associ-
ated respiratory health outcomes with underlying epidemiological mechanisms.

Pollutant/Environmental
Factor Critical Period/Mechanism Most Vulnerable

Population Primary Health Burden Epidemiological
Explanation

Anthropogenic PM2.5
and SO2

Winter period
(November–December)/
temperature inversion and
atmospheric stability

Males ≥ 65 years,
children aged 0–5

COPD exacerbations,
pneumonia, chronic
bronchitis

Near-surface accumulation
of pollutants due to
boundary layer compression,
leading to increased
oxidative stress and alveolar
epithelial damage

Climatological fine
particulate matter (PM10)

Summer–autumn/drought
and wind erosion

Females aged 35–50,
children aged 0–5

Asthma attacks,
acute bronchitis

Triggering of inflammatory
responses through
mechanical irritation and
airway hyperresponsiveness

Indoor biomass exposure Chronic/year-round indoor
emissions

Female population
(all age groups)

Increased asthma
prevalence, chronic
respiratory symptoms

Synergistic effects of biomass
combustion–derived
particulate exposure and
physiological/hormonal
susceptibility in indoor
environments

Anthropogenic fine particulate matter (PM2.5) and sulfur dioxide (SO2) demonstrate
a pronounced seasonal pattern, with peak health impacts during the winter months, par-
ticularly November to December [32,33]. This temporal concentration is primarily driven
by temperature inversion events and enhanced atmospheric stability, which restrict vertical
dispersion of pollutants and facilitate their accumulation within the near-surface boundary
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layer. Under these conditions, prolonged exposure leads to elevated oxidative stress, epithelial
injury at the alveolar level, and systemic inflammatory responses. Consequently, older adult
males (≥65 years) and young children (0–5 years) represent the most vulnerable groups, with a
marked increase in COPD exacerbations, pneumonia, and chronic bronchitic conditions.

In contrast, climatologically driven PM10 exposure exhibits a stronger dependence on
land surface processes, particularly during the summer and autumn seasons when drought
intensity and wind erosion are most pronounced [34,35]. This pathway reflects the mobi-
lization of crustal dust particles rather than direct anthropogenic emissions. The resulting
exposure disproportionately affects females aged 35–50 and young children, who exhibit
higher susceptibility to airway inflammation and hypersensitivity reactions. Clinically, this
manifests as increased asthma attacks and episodes of acute bronchitis, mediated through
mechanical irritation of the respiratory epithelium and activation of inflammatory cas-
cades in hyperresponsive airways [36,37]. Indoor biomass combustion represents a distinct
exposure category characterized by chronic, year-round inhalation of fine particulates in
confined environments [38,39]. This source is particularly relevant for female populations
across all age groups, reflecting sustained domestic exposure patterns. The epidemiolog-
ical burden is expressed through elevated asthma prevalence and persistent respiratory
symptoms. Mechanistically, the combined effect of prolonged particulate exposure and
physiological susceptibility potentially modulated by hormonal and behavioral factors
contributes to cumulative airway damage and chronic respiratory dysfunction [40,41].

In summary, the integrated assessment highlights a clear differentiation between
seasonal outdoor pollution episodes and persistent indoor exposure pathways. While
outdoor pollutants primarily exert acute or subacute effects modulated by atmospheric
conditions, indoor biomass exposure generates a chronic baseline risk. This dual structure
of exposure underscores the importance of both climate-sensitive air quality management
strategies and targeted household-level interventions in reducing the overall respiratory
disease burden (Table 2).

Limitations and Future Research Direction

This study has several limitations that should be considered when interpreting the
findings. First, due to its retrospective ecological design, the analyses were based on
hospital records, which may introduce potential information biases, including incomplete
records, diagnostic coding inconsistencies, and the exclusion of individuals who did not
seek medical care. In addition, diagnostic overlap and possible reclassification between
respiratory diseases, particularly asthma and bronchitis, may have influenced the inter-
pretation of temporal trends. Therefore, the observed associations should be interpreted
as population-level relationships rather than direct evidence of individual-level causation.
Second, the relatively low number of cases in some disease categories, particularly tu-
berculosis, pleurisy, and hydatid cyst, reduced statistical power and limited the depth of
subgroup analyses. Third, the lack of individual-level exposure information, including
smoking status, occupational exposure, indoor air pollution, residential history, and co-
morbidities, prevented a more precise assessment of personal exposure profiles. Another
important limitation is related to air quality assessment. Air pollutant concentrations
were obtained from a single ground monitoring station, which may not fully represent
the spatial variability of pollutant distributions across the Iğdır Basin, where complex
topography, atmospheric inversions, and localized emission sources strongly influence air
quality patterns. Furthermore, satellite-derived PM2.5 and PM10 estimates based on MODIS
aerosol products rely on indirect retrieval algorithms rather than direct measurements and
therefore involve uncertainties, particularly in enclosed basins characterized by complex
boundary-layer dynamics and local microclimatic conditions. In addition, this study could
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not quantitatively separate the contributions of different particulate matter sources, such
as traffic emissions, residential heating, industrial activities, and natural dust transport.
Although meteorological variables were incorporated into the analyses, the independent
effects of individual climatic factors could not be completely isolated due to the complex
interactions between atmospheric conditions, pollutant dispersion, and seasonal variability.

Future studies should address these limitations by integrating multi-site air quality
monitoring networks, satellite observations, and chemical transport models to improve
spatial representation and source attribution. The application of advanced statistical ap-
proaches, including generalized additive models (GAMs), distributed lag models, and ma-
chine learning-based frameworks, may provide deeper insights into the temporal dynamics
of air pollution–health relationships. Moreover, prospective cohort studies incorporating
individual-level exposure measurements would be valuable for establishing stronger causal
evidence. Multicenter investigations in comparable topographically enclosed basins would
further improve the generalizability of findings. Finally, assessing future air pollution
scenarios and associated respiratory disease burdens under climate change projections may
provide important evidence for regional environmental health policies.

5. Conclusions
This study comprehensively evaluated the epidemiological patterns of major respi-

ratory system diseases and their relationship with environmental air pollution in Iğdır
province, Türkiye, between 2020 and 2026. The findings reveal that asthma and COPD are
the two main pathologies determining the disease burden in the region. While asthma cases
showed a significant female predominance and a bimodal age distribution, COPD cases
showed a male predominance and a significant increase concentrated in older age groups.
Bronchitis cases exhibited a more balanced gender distribution, while a bimodal age
structure was noteworthy. Tuberculosis, despite a limited number of cases, was more con-
centrated in men and in young-middle age groups. Air quality analyses showed significant
seasonal and long-term fluctuations during the study period. PM10 and PM2.5 concentra-
tions showed sharp increases, particularly during winter months, exceeding national and
international threshold values; this situation was associated with basin topography, tem-
perature inversions, and emissions from domestic heating. SO2 levels similarly increased
during the winter period, while ozone concentrations reached maximum values in the sum-
mer months due to the effect of photochemical processes. These atmospheric patterns may
have contributed to the observed temporal changes in the incidence of respiratory diseases.
The closed topographical structure of the Iğdır Basin creates a high-risk microenvironment
by increasing the accumulation of pollutants in the atmosphere. This situation leads to a
more significant health burden, especially for children, elderly groups, and individuals
with pre-existing conditions. Age- and gender-related differences become more significant
when evaluated together with behavioral and environmental exposure factors, as well as
biological susceptibilities.

In conclusion, the findings indicate that air pollution patterns are associated with
the burden of respiratory diseases in a closed-basin environment. Effective public health
interventions necessitate the implementation of emission reduction strategies, particularly
during winter inversion periods, the strengthening of early warning and surveillance
systems, the development of age- and gender-sensitive early diagnosis programs, and in-
creased community-based awareness campaigns. In the future, the application of advanced
modeling techniques, including time series analysis and spatial epidemiology approaches,
will contribute to a clearer understanding of causal relationships. In this context, integrating
environmental policies and health strategies in microclimatic risk areas like Iğdır is critical
for sustainable public health outcomes.
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