IRSTI 87.17.91
Article

Spatial and temporal variability of urban air quality across functional land-use
zones in Eskisehir, Tlrkiye

Aylin Cicek™, Ilknur Zeren Cetin?

Citation: Cicek, A., Cetin, |.Z.
(2026). Spatial and temporal
variability of urban air quality
across  functional land-use
zones in Eskisehir, Turkiye.
Journal of Ecology and
Sustainability, 156(3), 153-
168.

https://doi.org/10.32523/hym3
s97

Academic Editor:
A. Zandybay

Received: 30.06.2026
Revised: 18.09.2026

Accepted: 25.09.2026
Published: 30.09.2026

Copyright: © 2026 by the
authors. Submitted for possible
open access publication under
the terms and conditions of the
Creative Commons Attribution
(CC BY NC) license
(https://creativecommons.org/I

icenses/by-nc/4.0/)

!Ondokuz Mayis University, Institute of Graduate Studies, Samsun,
Turkiye; aylincicek.omu@yahoo.com

20Ondokuz Mayis University, Samsun, Turkiye; ilknur.cetin@omu.edu.tr
*Correspondence: aylincicek.omu@yahoo.com

Abstract. Urban air quality is spatially heterogeneous because emission
intensity, land-use function, daily activity, seasonal energy demand, and
atmospheric dispersion vary across the urban fabric. This study quantified
the short-term spatial and temporal variability of PM2.5, PM10, and CO-
across ten functionally contrasting locations in Eskisehir, Turkiye. Field
observations were conducted during four weeks in February and four
weeks in May, with measurements collected on Mondays, Wednesdays,
and Fridays during morning (08:30-10:30) and evening (17:00-19:00)
periods. PM2.5 and PM10 were measured using a CEM DT-9880 portable
particle counter, while CO2 was measured using an EXTECH EasyView
80 analyzer. Descriptive comparisons were combined with GIS-based
Kriging interpolation to visualize broad concentration gradients. The
results showed persistent spatial contrasts among industrial, residential,
commercial, transportation, and vegetated environments. The Industrial
Zone recorded the highest PM2.5 concentrations, reaching 543 ug/m? in
winter morning observations and 640 pg/m® in winter evening
observations. Winter CO reached 803 ppm at the Industrial Zone.
Residential Area Il also showed elevated particulate concentrations,
whereas Urban Park and Urban Green Space generally exhibited lower
values. Concentrations were generally higher in winter than in summer,
and PM2.5 commonly increased from morning to evening. These patterns
identify functional urban environments that warrant intensified
monitoring and targeted management. The study does not establish
source-specific causality because source apportionment and simultaneous
site-level meteorological measurements were not available. Accordingly,
the findings are interpreted as spatial and temporal contrasts within the
monitored network rather than as regulatory compliance estimates or
quantitative source contributions.

Keywords: urban air quality; PM2.5; PM10; carbon dioxide; functional
land use; spatial variability; kriging; GIS; sustainable urban planning.

1. Introduction

Urbanization is one of the principal processes reshaping
contemporary human settlements. The concentration of population,
employment, infrastructure, production, and services within urban areas
has generated substantial economic and social benefits while
simultaneously increasing pressure on environmental systems. Global
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urban population growth has been accompanied by expanding transportation networks, greater energy
demand, industrial intensification, and increasing consumption of natural resources. These processes
can alter atmospheric conditions and contribute to the accumulation of pollutants within densely
occupied urban environments. The environmental consequences are particularly important because
exposure to polluted air occurs across large populations and may persist over long periods (URL1,
URL2, URL3, URL4; Cetin 2013; Cetin 2015; Cetin 2016; Cetin et al., 2017; Cetin et al., 2019).

Air pollution is now recognized as a major environmental determinant of human health. Fine
particulate matter is particularly important because particles with aerodynamic diameters of 2.5 um
or less can penetrate deeply into the respiratory system and may reach systemic circulation.
Epidemiological evidence has linked exposure to particulate matter with cardiovascular and
respiratory outcomes, including ischemic heart disease, stroke, chronic obstructive pulmonary
disease, asthma, and premature mortality. The World Health Organization (WHO) consequently
established substantially more stringent air-quality guideline levels in 2021, reflecting the
accumulation of evidence concerning health effects at relatively low exposure concentrations (WHO,
2021). The guideline values include annual and 24-h reference levels for PM2.5 and PM10 and
provide an internationally recognized framework for interpreting air-quality risks.

The atmospheric behavior of particulate matter is strongly influenced by emission sources and
meteorological conditions. Industrial combustion and production processes can release primary
particles and precursor substances, while road traffic contributes directly through exhaust emissions,
brake and tire wear, and resuspension of road dust. Residential heating is another important source,
particularly during cold seasons when solid fuels and other combustion-based heating systems may
increase local particle emissions. The relative contribution of these sources differs spatially according
to urban morphology, land use, traffic intensity, building density, vegetation structure, and
atmospheric dispersion. (Lelieveld et al., 2015; Han et al., 2016; Beelen et al., 2008; Nowak et al.,
2006; Powe & Willis 2002; Tallis et al., 2011; Tiwary et al., 2009; Nowak et al., 2014; Kumar et al.,
2015; Snyder et al., 2013; Rai et al., 2017; Janhéll 2015; Leung et al., 2011; Abhijith et al., 2017;
Jayasooriya et al., 2017; Pugh et al., 2012; Hewitt et al., 2020; Yao et al., 2022).

PM2.5 and PM10 are not spatially uniform within cities. Concentrations can vary considerably
over relatively short distances because emission sources and atmospheric dispersion processes are
spatially heterogeneous. Dense traffic corridors, industrial facilities, commercial centers, and
residential districts with high combustion demand may produce local concentration peaks.
Conversely, parks and vegetated areas can influence particle deposition, atmospheric mixing,
shading, and local microclimatic conditions. However, the relationship between vegetation and air
pollution is complex and depends on species characteristics, canopy structure, street geometry, wind
conditions, pollutant source strength, and spatial configuration of green infrastructure (Abhijith et al.,
2017; Janhdll, 2015; Rao et al., 2014).

Carbon dioxide provides a complementary indicator of urban atmospheric conditions. Although
CO:z is naturally present in the atmosphere and is not conventionally treated as a primary toxic air
pollutant at ordinary ambient concentrations, its spatial distribution can provide information about
combustion activity, traffic, building occupancy, ventilation, and local atmospheric mixing. In urban
environments, elevated CO2 concentrations may occur near intense transportation activity, industrial
combustion, and areas with substantial fossil-fuel consumption. Seasonal variations can also reflect
changes in domestic heating demand and atmospheric stability (Abualqumboz et al., 2017; Adar et
al., 2014; Anderson et al., 2012; Begum et al., 2008; Cetin, 2013; Cetin, 2015; Cetin, 2016; Cetin et
al., 2017; Cetin et al., 2019).

The interaction between urban form and air quality has received increasing attention within
environmental planning research. Buildings, road networks, industrial areas, open spaces, vegetation,
and transportation corridors create a heterogeneous urban surface that influences both pollutant
generation and dispersion. Street-canyon geometry can restrict ventilation, while open spaces and
strategically positioned vegetation may alter local airflow and particle deposition. Therefore, air-
quality assessment should not be limited to isolated monitoring stations. Spatial approaches capable
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of representing geographic variation can provide additional information for urban planning and
environmental management. (Deary et al., 2016; Mukherjee and Agrawal, 2017; Sevik et al., 2019;
Turkyilmaz et al., 2018; Yucedag et al., 2018).

Geographic Information Systems (GIS) provide a useful framework for integrating field
measurements with spatial information. GIS-based interpolation can estimate pollutant
concentrations between observation points and generate continuous spatial surfaces. Kriging is
particularly relevant because it incorporates spatial dependence among observations and provides a
geostatistical framework for estimating values at unsampled locations. Previous research has
demonstrated the application of Kriging and other interpolation procedures to urban particulate-
matter mapping and environmental exposure assessment (Lelieveld et al., 2015; Han et al., 2016;
Beelen et al., 2008; Nowak et al., 2006; Powe & Willis 2002; Tallis et al., 2011; Tiwary et al., 2009;
Nowak et al., 2014; Kumar et al., 2015; Snyder et al., 2013; Rai et al., 2017; Janhéll 2015; Leung et
al., 2011; Abhijith et al., 2017; Jayasooriya et al. 2017; Pugh et al., 2012; Hewitt et al., 2020; Yao et
al., 2022).

The spatial representation of air pollution is particularly valuable for cities experiencing
simultaneous industrial development and urban expansion. Eskisehir provides a relevant case because
its metropolitan structure includes industrial districts, organized industrial areas, residential
neighborhoods, commercial functions, transportation corridors, university environments, and
substantial urban green spaces. These functions generate contrasting activity and emission
environments and create a strong basis for examining fine-scale spatial differences in measured air
quality.

Previous investigations in Eskisehir have already demonstrated the importance of spatial and
seasonal variability in urban air pollution. Gaga et al. (2012) assessed multiple pollutants, including
PM2.5 and PM10, using passive and active sampling and GIS-based exposure analysis across the
city. More recently, Balcilar (2024) examined PM10, PM2.5, and SO at three fixed monitoring
stations and evaluated temporal variation and source-related characteristics, while Ari et al. (2025)
applied chemical characterization and positive matrix factorization to quantify PM2.5 source
contributions at an urban-background location. These studies provide important station-based,
pollutant-specific, and source-apportionment evidence. The present study addresses a complementary
gap by using the same portable measurement framework across ten functionally distinct urban
environments and explicitly comparing winter/summer and morning/evening conditions for PM2.5,
PM10, and CO». Thus, the contribution is empirical and spatial-planning oriented rather than
methodological: it provides a functional land-use comparison of short-duration, neighborhood-scale
concentration contrasts that cannot be obtained directly from a small number of fixed regulatory
stations or from source-apportionment data alone.

Accordingly, the principal objective of this study is to characterize the spatial and temporal
variability of PM2.5, PM10, and CO> concentrations across ten representative urban locations in
Eskisehir. The specific objectives are to: (i) quantify pollutant concentrations during winter and
summer; (ii) compare morning and evening conditions; (iii) identify locations with persistently
elevated or relatively low concentrations; (iv) examine how observed concentration patterns
correspond to dominant urban land-use functions; (v) visualize broad spatial gradients using Kriging
interpolation within a GIS environment; and (vi) translate the observed spatial contrasts into
planning-relevant recommendations while explicitly recognizing the limitations of short-duration
field monitoring.

The study is designed as a spatially explicit field assessment rather than a long-term regulatory
monitoring program. Therefore, the results are interpreted primarily as relative spatial and temporal
variability within the monitored network. Comparisons with WHO guideline values are used only as
health-oriented context because the observations are short-duration measurements and cannot be
treated as standardized 24-h averages. Likewise, relationships between concentration patterns and
land-use functions are interpreted as associations rather than quantified source contributions.
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2. Materials and methods

The study was conducted within the metropolitan area of Eskisehir, Tirkiye. Eskisehir is
located in Central Anatolia and functions as an important urban, industrial, educational, and
transportation center. The city has a continental climate characterized by cold winters and warm
summers. Seasonal differences in temperature, atmospheric stability, heating demand, and air-mass
movement can affect pollutant dispersion. During colder periods, increased residential heating
demand may increase combustion-related emissions, while stable atmospheric conditions can reduce
vertical mixing and favor near-surface accumulation. The metropolitan landscape is heterogeneous,
with industrial and organized industrial districts occurring alongside residential neighborhoods,
commercial centers, university areas, transportation corridors, parks, and other urban green spaces.
This functional diversity makes Eskisehir suitable for a comparative assessment of neighborhood-
scale air-quality conditions.

The study area contains several potential emission environments. Industrial and organized
industrial locations may be affected by stationary combustion, production processes, material
handling, and industrial traffic; transportation and commercial environments may be influenced by
vehicle activity and resuspended road dust; and residential environments may be affected by domestic
energy use, particularly during winter. Vegetated locations provide contrasting settings with generally
lower direct emission intensity, although their effects on pollutant concentrations may also depend
on canopy structure, airflow, and surrounding urban geometry. These source descriptions are used to
define functional contexts rather than to infer quantitative source contributions from the measured
concentrations.

Ten representative monitoring locations were selected according to dominant land-use
characteristics and potential emission environments. The network was intentionally designed to
capture contrasting urban functions rather than to form a statistically uniform sampling grid. The
selected environments were: University District; Urban Park; Residential Area I; Commercial Center;
Industrial Zone; Urban Green Space; Residential Area 1lI; Organized Industrial District;
Transportation Corridor; and Residential Area I11. Collectively, these locations represent educational,
vegetated, residential, commercial, industrial, and transportation-dominated settings. The design
therefore supports comparative analysis of functional urban environments while acknowledging that
the ten sites do not represent the full spatial variability of the metropolitan area.

Measurements were undertaken during winter and summer observation periods. The winter
campaign covered four weeks in February, and the summer campaign covered four weeks in May.
Measurements were performed three days per week (Monday, Wednesday, and Friday) during two
daily periods: morning (08:30-10:30) and evening (17:00-19:00). The temporal design was selected
to represent contrasting phases of daily urban activity and to enable seasonal comparison. Because
observations were collected during defined time windows rather than continuously, the resulting
values represent conditions during the measurement periods and should not be interpreted as full-day
or long-term averages.

Particulate matter was measured using a CEM DT-9880 six-channel portable particle counter,
and CO2 was measured using an EXTECH EasyView 80 CO2 Analyzer. CO concentrations were
recorded in parts per million (ppm), while PM2.5 and PM10 were recorded in pg/m®. The same
instrument types were used across the monitoring network to maintain methodological consistency
among locations and observation periods. The available study record does not provide additional co-
located reference-monitor calibration data; therefore, the measurements are treated as field
observations suitable for relative spatial comparison rather than as a substitute for certified regulatory
monitoring.

Measurements were organized by location, season, time of day, and pollutant. Descriptive
comparisons were used to identify concentration ranges and differences among functional
environments. The analysis focused on spatial and temporal contrasts rather than predictive modelling
or source apportionment. The principal comparisons were winter versus summer, morning versus
evening, industrial versus residential environments, transportation-oriented versus commercial
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environments, and built-up versus vegetated environments. No statistical source-apportionment
model was applied, and no causal contribution of a particular emission source was estimated.

QGIS was used for spatial data processing and visualization. Geographic coordinates of the
monitoring locations were associated with the corresponding pollutant observations, and Kriging
interpolation was applied to generate continuous surfaces between measured points. Kriging
estimates values at unsampled locations using spatial dependence among observations (Cressie, 1993,;
Goovaerts, 1997). The manuscript does not specify a validated source-specific semivariogram model
or cross-validation procedure; accordingly, the interpolated surfaces are used as exploratory
representations of broad spatial gradients rather than as high-resolution predictive exposure fields.

Separate spatial representations were generated for winter morning, winter evening, summer
morning, and summer evening conditions. This design enables comparison of concentration gradients
across both seasons and daily periods. Given the limited network of ten locations, interpolation
uncertainty is expected to increase where sampling points are widely separated or where strong local
sources occur between measurement sites. The maps should therefore be interpreted in conjunction
with the measured values in Tables 1 and 2. Future monitoring should incorporate denser spatial
coverage, meteorological observations, and independent validation of interpolation performance.

3. Results

Winter observations demonstrated pronounced spatial variability in all three monitored
parameters. The highest CO2 concentrations occurred at the Industrial Zone (803 ppm in the morning
and 762 ppm in the evening), followed by the Organized Industrial District (762 and 712 ppm,
respectively) and Residential Area Il (682 and 642 ppm). By contrast, Urban Green Space recorded
358 ppm in the morning and 322 ppm in the evening, while Urban Park recorded 382 and 362 ppm.
The difference between the highest and lowest winter morning CO. observations was 445 ppm. These
contrasts indicate strong spatial differentiation within the monitoring network; however, CO>
concentrations cannot be attributed to industrial or residential sources gquantitatively without
concurrent meteorological observations and source-specific measurements (Table 1; Figure 1).

Table 1. Winter mean air-quality measurements across the monitored urban environments

Sampling location Period CO; (ppm) PM2.5 (ug/m°) | PM10 (pg/m?®)
University District Morning 623 105 13
University District Evening 572 192 43
Organized Industrial District Morning 762 238 11
Organized Industrial District Evening 712 371 63
Commercial Center Morning 572 216 15
Commercial Center Evening 557 363 66
Residential Area | Morning 452 53 7
Residential Area | Evening 422 61 11
Residential Area Il Morning 682 243 18
Residential Area Il Evening 642 363 78
Industrial Zone Morning 803 543 21
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Industrial Zone Evening 762 640 11
Transportation Corridor Morning 498 125 28
Transportation Corridor Evening 447 147 10
Urban Park Morning 382 38 12
Urban Park Evening 362 51 10
Urban Green Space Morning 358 44 30
Urban Green Space Evening 322 58 28
Residential Area Ill Morning 595 111 53
Residential Area IlI Evening 485 137 83
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Figure 1. Average CO, winter

PM2.5 showed particularly strong spatial differentiation during winter. The highest morning
concentration was recorded at the Industrial Zone (543 ug/mq), followed by Residential Area 11 (243
ng/m3) and the Organized Industrial District (238 pg/m?®). During evening observations, the Industrial
Zone reached 640 pg/m®, while the Organized Industrial District, Residential Area Il, and
Commercial Center recorded 371, 363, and 363 pg/m?®, respectively. Urban Park remained
comparatively low at 38 pg/m?® in the morning and 51 ug/m? in the evening, while Urban Green Space
recorded 44 and 58 pg/m. The repeated concentration contrast between industrial/built-up and
vegetated locations is a robust descriptive feature of the monitored network. It should not, however,
be interpreted as quantitative evidence of a specific emission source because source apportionment
was not performed. The measured values are also not directly comparable with the WHO 24-h
guideline as regulatory averages because the present observations represent short-duration field
measurements (Figure 2).
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Figure 2. PM2.5 concentrations winter

PM10 displayed a different magnitude pattern from PM2.5 while retaining clear differences
among functional environments. Residential Area Il recorded the highest winter PM10
concentrations during both morning and evening observations (53 and 83 ug/m?®), followed by
Residential Area Il in the evening (78 pg/m®) and the Commercial Center (66 pg/m®). The Organized
Industrial District recorded 63 ug/m?® in the evening. These relatively high values in residential and
commercial settings may be compatible with traffic, domestic activity, road dust, or surface
resuspension, but the present dataset does not permit their individual contributions to be separated.
Urban Park recorded 12 and 10 pg/m?, whereas Residential Area | recorded 7 and 11 pg/m®. The
results therefore indicate that PM10 variability is not restricted to industrial environments and may
reflect multiple local processes.

Summer observations showed a spatial structure broadly consistent with winter, although
concentrations were lower at many locations. The highest summer morning CO- concentration
occurred at the Industrial Zone (743 ppm), followed by the Organized Industrial District (722 ppm)
and Residential Area Il (622 ppm). Evening concentrations were 715 ppm at the Industrial Zone, 697
ppm at the Organized Industrial District, and 632 ppm at Residential Area Il. Urban Park and Urban
Green Space remained among the lowest CO, environments (312-322 ppm and 317-327 ppm,
respectively). The lower summer values are consistent with reduced heating demand and potentially
different atmospheric dispersion conditions, although the absence of simultaneous meteorological
measurements prevents these mechanisms from being quantified. Vegetation-related carbon
exchange may also contribute locally, but its magnitude cannot be determined from the present
measurements (Table 2; Figure 3).

Table 2. Summer mean air-quality measurements across the monitored urban environments

Sampling location Period CO: (ppm) PM2.5 (ng/m°) PM10 (ng/m®)
University District Morning 562 97 11
University District Evening 552 162 37
Organized Industrial District Morning 722 212 9
Organized Industrial District Evening 697 332 58
Commercial Center Morning 552 205 12

159



Journal of Ecology and Sustainability 2026, 156(3)

Commercial Center Evening 527 308 58
Residential Area | Morning 432 47 4
Residential Area | Evening 412 57 8
Residential Area Il Morning 622 237 14
Residential Area Il Evening 632 338 67
Industrial Zone Morning 743 463 15
Industrial Zone Evening 715 552 10
Transportation Corridor Morning 492 108 23
Transportation Corridor Evening 442 127 8
Urban Park Morning 322 28 11
Urban Park Evening 312 47 9
Urban Green Space Morning 327 38 11
Urban Green Space Evening 317 50 10
Residential Area 11 Morning 512 98 5
Residential Area 11 Evening 492 112 8
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Figure 3. Average CO2 summer

The Industrial Zone again exhibited the highest summer PM2.5 concentrations, with 463 ug/m?
in the morning and 552 pug/m? in the evening. Residential Area Il recorded 237 and 338 ug/m?, the
Organized Industrial District 212 and 332 pg/m?, and the Commercial Center 205 and 308 pg/m?.
Urban Park recorded 28 and 47 pg/m3, while Urban Green Space recorded 38 and 50 ug/m®. The
persistence of the same broad spatial ordering across seasons indicates that functional differences
were stable within the observed network. These results should be interpreted as spatial associations
rather than source-specific effects.
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Summer PM10 concentrations were generally lower than the corresponding winter values. The
highest morning value was recorded at the Transportation Corridor (23 ug/m?®), whereas the highest
evening value occurred at Residential Area Il (67 ug/m®). The Organized Industrial District and
Commercial Center each reached 58 pug/m?® in the evening. Urban Park and Urban Green Space
remained comparatively low. The summer pattern further indicates that coarse-particle concentrations
vary among transportation, residential, commercial, industrial, and vegetated environments and are
likely influenced by multiple interacting processes (Figure 4).
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Figure 4. Average PM10 summer

4. Discussion

The principal finding is pronounced spatial heterogeneity in air-quality conditions across
Eskisehir. Concentrations differed systematically among the ten monitored functional environments,
with the Industrial Zone and Organized Industrial District generally exhibiting the highest CO, and
PM2.5 values. This spatial pattern is compatible with the higher activity and emission intensity
expected in industrial settings, but the study design does not permit attribution to individual industrial
processes. The result is nevertheless important from a planning perspective because the concentration
contrast persisted across seasons and daily periods. Earlier Eskisehir studies have similarly
demonstrated spatial and seasonal variability, but they have generally relied on fixed monitoring
stations, broader pollutant suites, or chemical source-apportionment approaches (Gaga et al., 2012;
Balcilar, 2024; Ari et al., 2025). The present study complements this evidence by explicitly
comparing ten functionally distinct urban environments using the same field-monitoring framework.

Residential environments also exhibited substantial internal variability. Residential Area Il
repeatedly showed higher PM2.5 and PM10 concentrations than Residential Area I, while Residential
Area Il recorded relatively high PM10 values, particularly during winter evenings. These contrasts
demonstrate that the residential land-use category should not be treated as environmentally
homogeneous. Heating technology, fuel type, local traffic, building configuration, surface conditions,
and ventilation may all influence measured concentrations, but their relative contributions cannot be
separated using the present dataset. The appropriate interpretation is therefore that different
residential environments exhibited different observed concentration regimes.

Winter concentrations were generally higher than summer concentrations, particularly for
PM2.5 and COs.. Increased heating demand provides a plausible contextual explanation for part of
the seasonal contrast, while lower temperatures and atmospheric stability can reduce dispersion.
However, the absence of simultaneous site-level meteorological measurements is a major interpretive
limitation. Temperature, wind speed, relative humidity, boundary-layer height, and atmospheric
stability were not available at the monitoring locations; consequently, emission-related and
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meteorological effects cannot be quantitatively separated. This limitation is explicitly incorporated
into the interpretation of the seasonal findings rather than treated as evidence of a causal heating
effect.

Morning—evening differences were particularly pronounced for PM2.5. At the Industrial Zone,
winter PM2.5 increased from 543 ug/m® in the morning to 640 pg/m? in the evening, while the
corresponding summer values increased from 463 to 552 pg/m?®. Similar evening increases occurred
at several residential and commercial locations. These differences may be associated with
accumulated daily emissions, traffic activity, industrial operating schedules, or residential activity,
but the available observations do not identify which mechanism dominates. CO; exhibited a different
temporal response at several locations, with morning concentrations sometimes exceeding evening
values. This divergence confirms that CO, and particulate matter should not be treated as
interchangeable indicators of urban atmospheric conditions.

The contrasting temporal behavior of PM2.5, PM10, and CO> supports the use of multi-
pollutant monitoring. Combining pollutants with different emission pathways and atmospheric
behavior can reveal spatial contrasts that would be obscured by a single indicator. For urban planning,
this is particularly relevant because pollutant-specific hotspots may correspond to different
intervention priorities.

The maximum PM2.5 concentration was observed at the Industrial Zone, reaching 543 pg/m?
in the winter morning period and 640 pg/m? in the winter evening period. These measurements
identify the Industrial Zone as the strongest observed PM2.5 hotspot within the monitoring network.
They do not, however, establish a direct causal relationship with a particular industrial source because
source apportionment was not performed and meteorological conditions were not measured
simultaneously at the sites. The appropriate planning implication is therefore prioritization of the area
for longer-duration monitoring, industrial emission assessment, and source-specific investigation
rather than attribution of the measured concentration to a single source category. Recent source-
apportionment work in Eskisehir demonstrates the value of chemical characterization and receptor
modelling for resolving this distinction (Ari et al., 2025).

Transportation corridors and commercial centers generally exhibited intermediate particulate
concentrations relative to the principal industrial locations. The Transportation Corridor recorded
winter PM2.5 values of 125 and 147 ug/m? and summer values of 108 and 127 ug/m? in the morning
and evening, respectively. PM10 also showed elevated values in some transportation- and
commercial-oriented settings. Traffic, brake and tire wear, and road-dust resuspension are plausible
contextual mechanisms, but their contributions cannot be quantified from the present measurements.
The results nevertheless support transportation management, road-dust control, and targeted
monitoring along high-activity corridors. Urban parks and green spaces consistently recorded lower
concentrations within the monitored network. This pattern is compatible with literature describing
pollutant interception and deposition by vegetation, while recognizing that dense vegetation can also
restrict airflow under some street-canyon configurations (Janhall, 2015; Abhijith et al., 2017; Hewitt
et al., 2020). Therefore, the planning implication is not simply to maximize vegetation cover, but to
place and configure green infrastructure in relation to pollutant sources, street geometry, and
ventilation conditions.

The observed PM2.5 and PM10 concentrations provide evidence of substantial short-duration
concentration episodes at several sites. WHO 2021 guideline values provide a useful health-oriented
reference, including 24-h guideline levels of 15 ug/m? for PM2.5 and 45 pg/m® for PM10 (WHO,
2021). Several measured values exceed these reference levels; however, direct compliance or non-
compliance cannot be inferred because the observations are not standardized 24-h averages. The
comparison is therefore used only to emphasize the need for longer-duration monitoring at locations
where high short-term concentrations were repeatedly observed.

The Kriging maps provide an exploratory spatial framework for visualizing broad pollutant
gradients across the monitored urban area. Their main value is to integrate point observations into a
geographic planning context and to identify locations where additional monitoring may be warranted.
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With only ten monitoring locations, however, interpolation uncertainty may be substantial between
points, particularly near localized emission sources. The maps should therefore not be interpreted as
validated high-resolution exposure surfaces. A stronger future framework would combine denser
measurements with meteorological variables, road and traffic data, land-use indicators, building
morphology, and independent interpolation validation.

The findings have several planning implications. First, industrial and organized industrial areas
should receive priority for continuous or repeated monitoring and source-specific emission
assessment. Second, residential heating should be considered in seasonal air-quality management,
particularly where elevated winter particulate concentrations recur. Third, transportation corridors
require integrated measures addressing traffic emissions and road-dust resuspension. Fourth, green
infrastructure should be strategically configured rather than increased indiscriminately, with attention
to source location, canopy structure, street geometry, and ventilation. Fifth, air-quality information
should be incorporated into land-use planning so that sensitive land uses are not unnecessarily
exposed to persistent emission environments. Finally, the existing fixed monitoring network can be
complemented by mobile or neighborhood-scale measurements to capture local gradients. These
recommendations are planning implications derived from observed spatial contrasts, not estimates of
the effect size of individual interventions.

5. Conclusion

This study characterized the short-term spatial and temporal variability of CO2, PM2.5, and
PM10 across ten functionally contrasting urban environments in Eskisehir, Tlrkiye. The monitoring
network revealed clear differences among industrial, organized industrial, residential, commercial,
transportation, university, park, and urban green-space settings. The Industrial Zone consistently
represented the strongest observed PM2.5 hotspot, with winter concentrations of 543 ug/m? in the
morning and 640 ug/m? in the evening; winter CO; also reached 803 ppm at this location. Residential
Area Il showed comparatively elevated particulate concentrations, while Urban Park and Urban
Green Space generally recorded lower values. Winter concentrations were generally higher than
summer concentrations, and PM2.5 commonly increased from morning to evening. These patterns
demonstrate that functional land-use context is closely associated with the spatial organization of
measured urban air-quality conditions within the monitoring network. Importantly, the revised
interpretation does not attribute these differences to specific sources because source apportionment
and simultaneous site-level meteorological measurements were unavailable. Kriging interpolation
provides a useful exploratory visualization of broad spatial gradients, but the limited number of
sampling locations restricts the predictive resolution of the interpolated surfaces. The principal
planning value of the study is therefore the identification of priority environments for denser
monitoring, industrial emission assessment, residential-heating management, transportation and road-
dust control, and strategically designed green infrastructure. Future research should combine
continuous measurements with co-located meteorological observations, chemical characterization,
source-apportionment modelling, denser spatial sampling, and validated geostatistical or land-use-
based models. Such an integrated framework would allow the observed functional contrasts to be
linked more rigorously to emission sources, atmospheric processes, and population exposure.
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TYypkusHBIH JCKHMIIEXHMP KaJacbl MbICAJBbIHAA (YHKUMOHANIBIK ailMaKTap
00iBbIHIIIA KAJAJBIK aya CaNAChIHBIH KeHICTIKTIK-yaKbITTHIK JIMHAMHKACHIH
Oarajay

Aylin Cicek, Ilknur Zeren Cetin

Anparna. Kana ayacblHBIH JIaCTaHybl - ©HEPKSCINTIK KBI3MET, XaJbIK THIFBI3BIFBI, YHEPTUSHBI
naiiianany, TYpPMBICTBIK KBUIBITY OHE KOJIK e3apa 9peKeTTecil, aTMOoc(epalblK XaraiiFa ocep
eTeTiH KapKbIHJIbI JAMBII KeJe jKaTKaH KajlalapJIarbl 0acThl AKOJOTHSUIBIK Macenenepain Oipi. by
3eprreyne TYpKUsSHBIH DCKUIIEXHp KaJlachIHIAFbl JKep MaiilajdaHy MEH KaJlalblK OeJICEeHIUTIKTIH
OpTYpJII THNOTEPIH KepceTeTiH OH Oakputay HykTecingeri PM2.5, PM10 xome CO:
KOHIICHTPALMSIAPBIHBIH ~KEHICTIKTIK JKOHE YaKbITTBIK CHUMaTTamanapbl 3epaeneHai. Jlamanbik
eJIIIeyep KBICKBI YKOHE JKa3Fbl Ke3eHIepAe TaHepTeHri koHe kemki yakeitta CEM DT-9880
KaJaKeIMa Genrekrep anHaausaTopsl MeH EXTECH Easyview 80 CO; ananu3aTOpbIHBIH KOMETiMEH
KYPri3iiai. AJIBIHFaH MOJIIMETTEP OHEPKICINTIK, TYPFBIH Yii, KOMMEPUHUSUIIBIK, KOJTIKTIK KOHE HKachlI
allMaKkTap apacbIHIAFrbl TOYJIKTIK JKOHE MAayChIMJBIK aibIpMallbUIBIKTapAbl AaHbIKTAy YIIiH
Oaranmannbl. KenictikTik 3anmeuisikrap QGIS 06aszachiHmarbl reorpadusuiblK aKIMapaTThIK JKyhe
(TAXK) mieHOepiHae KPUTHHT HHTEPIOJSLUSICHL OMICIH KOJIAHY apKbLIbl KOCHIMIIA 3EPTTEIII.
Hotmwxenep macraymibl 3aTTap KOHIIEHTPALMSCHIHBIH aWKBIH KEHICTIKTIK OpPTYPJLIITiH KOPCETTi:
PM2.5 >xone PM10 >xorappl [eHreiliepi HETi3IHEH OHEPKOCINTIK alMakTapaa, YHbIMIAacKaH
OHEPKICINTIK aylaHAap/a, XaJblK THIFbI3 OpHAIACKaH TYPFBbIH YU KeIIeHJEpIHJe >KoHE Kaz0a
OTHIHBIMEH TYPMBICTBHIK JKBUIBITBUIATHIH OpbIHAapAa Oaiikanabl. Keickel mesrinmgeri PM2.5 ey
*orapsl KoHteHTpanusicel 543,05 mr/m3 kypasst, ain CO2 MakCHMAaIIIbI OTIIEHIeH KOHIICHTPAIIUACH
803 ppm-ueH actol. Kepicinie, Kananslk casdakTap/a koHe 0CiMJIIK )KaMBUIFBICHI MOJI aiiMaKTapaa
o/IeTTe JacTayllbl 3aTTap/blH TOMEH KOHLIEHTPALMACHI TIPKENl. 3epTTey HOTHXKeNepl Kep
naiiianany cumarraManapbl MEH KaJlanblK O€JCeHIUNK YAriaepi >KeprulikTi aya camachlH
allKpIHIAWTBIH ~ MaHbI3Abl  (akTopiap Oonbll  TaOBUIATHIHBIH  KepceTell. OHEepPKICINTIK
IIBIFAPBIHABLIAP/Ibl OAKBUIAY/IbI, Ta3a JKBUIBITY KYHENepiH, KaJaHbl KacbUIaHIbIPY/Ibl KEHEHTY/ I,
TYPAKThl YTKBIPIBIKTHI KOHE a3 IIBIFAPBIHIBICEI 0ap JHEPreTHKAIBIK CTpaTerusyapibl Kaja
KYPBUIBICHIH JKOCTIapilayFa HHTErpalusuiay JCKUIIEXUPAETi aTMochepabIK JKaFJai bl )kakcapTyFa
BIKIIAJ €Tyl MYMKIH.

Tyiin ce3mep: kanmanblk aya camackl; PM2.5; PM10; xemipTek IUOKCHIII; KEHICTIKTIK Tajjaay;
KpurHHT uHTepnonsauusicekl; I'AXK; TypakThl Kanajblk )Kocmapiay.

OuneHka MNPOCTPAHCTBCHHO-BPEMEHHOM /JHHAMMKH KadyecTBa TOPOJCKOIo
BO31yXa 0 GyHKIMOHAJbHBLIM 30HAM Ha npuMepe ropoaa Jckuexup (Typumus)

Aylin Cicek, llknur Zeren Cetin

AHHOTANUA. 3arps3HEHUE TOPOJCKOr0 BO3/yXa SBISETCS OAHOM M3 OCHOBHBIX IKOJIOTHYECKUX
mpo0seM B OBICTPO Pa3BUBAIIIMXCS TOPOJAAX, T MPOMBIIUICHHAS EATEIbHOCTh, IUIOTHOCTD
HACEJICHUs, dHepronorpebieHue, OBITOBOE OTOIUICHHE W TPAHCIOPT MOTYT B3aMMOJCHCTBOBATH,
BIIUSISL HA cOCTOsiHME aTMocdepbl. B TaHHOM HccieqoBaHUM W3Y4YeHbl TPOCTPAHCTBEHHO-BPEMEHHbBIE
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xapaktepuctuku KomeHtpanuii PM2.5, PM10 u CO; Ha nmecATu y4yacTKax, MPeICTaBIISIOIINX
pa3IMYHbBIC THITHI 3eMJICTIONE30BAHMSI M TOPOICKOH akTiBHOCTH B Dckumiexupe (Typuus). HarypHbie
M3MEPEHUs TPOBOMINCH C UCIOIB30BAHMEM aHanu3aropa B3BemeHHbx yactuy CEM DT-9880 u
ananusatopa CO, EXTECH Easyview 80 B yrpeHHee M BeuepHee BpeMs B 3UMHHU M JICTHHUN
nepuopl. [lonmydeHHble JaHHbIE OBUIM MPOAHAIM3UPOBAHBI JIJISl BBISIBIICHUS] CYTOYHBIX U CE30HHBIX
pasuYMii MEKAY MPOMBIIUICHHBIMH, XHIBIMH, KOMMEPUYECKUMH, TPAHCIIOPTHBIMUA M 3€IEHBIMU
3oHamu. [IpocTpaHcTBEHHBIE 3aKOHOMEPHOCTH TaKXe OBLIM HM3y4eHbl C NPUMEHEHHEM METOoJa
kpuruara (Kriging interpolation) B cpene reorpaduueckoii HHPOPMAIMOHHOW CHUCTEMBbI Ha 0Oase
QGIS. Pe3ynbTaThl BBISBHIIM BBIPAKEHHYIO HMPOCTPAHCTBEHHYIO HEOJHOPOAHOCTH KOHIICHTPALUi
3arps3HSAIONIMX BEIIECTB: MOBBIMIEHHBIE YpoBHU PM2.5 1 PM10 Habmoganych MpeuMyInecTBEHHO B
MPOMBIIIICHHBIX 30HAX, OPraHW30BAaHHBIX MPOM30HAX, T'YCTOHACEIEHHBIX J>KUJIBIX MAacCHBaxX W
MeCTax C IIeYHBIM/OBITOBBIM OTOIUICHHEM Ha HCKOIAeMOM TOIUIMBE. MaKCHMalbHas 3UMHSS
koHneHTpanus PM2.5 cocrasmiia 543,05 mkxr/m?, a MakcuManbHas u3MepeHHas konrenrpamus CO»
npeBbicuiaa 803 ppm. HampoTus, B TOPOJICKUX MapKax U paiioHaX CO 3HAYUTEIbHBIM O3CJICHEHHEM
3adukcupoBaHbl OoJiee HH3KHE KOHIEHTpaluu 3arps3HuTenedl. [lomydeHHbIE pe3ynbTaThl
CBHUJICTEIILCTBYIOT O TOM, YTO OCOOCHHOCTH 3€MJICTIONIb30BAHMSI M XapaKTep rOPOJCKONW aKTUBHOCTH
SBIISIIOTCSL BXKHBIMH (DaKTOpPaMH, ONPEACISIOIMUMHI COCTOSIHHE MECTHOTO Bo3ayxa. WHTerpanus
KOHTPOJISl MIPOMBIIIUICHHBIX BBIOPOCOB, 00JIee YUCTHIX CHCTEM OTOIUICHUS, PACHIMPEHHS 3€IEHBIX
HACa)XJIeHUM, YCTOWYMBOM MOOMJIBHOCTH U HHU3KO3MMCCHOHHBIX SHEPreTHYECKHX CTpaTeruil B
TOPOICKOE TUIAHUPOBAHUE MOXET CIIOCOOCTBOBATH YJIYUIICHHIO Ka4eCcTBa aTMOC(EpPHOro Bo3ayxa B
Ockuiexupe.

KiaroueBble cjioBa: KadecTBO ropojckoro Bosayxa; PM2.5; PM10; muwokcun yriepona;

IIPOCTPAHCTBEHHBIH aHanu3; uHTepnoasiuus kpuruHrom; I['MC; ycTtoifumBoe ropojckoe
IUIAaHUPOBAHUE.
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