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ABSTRACT

Open landfills generate complex mixtures of particulate and gaseous pollutants that can affect nearby communities.

However, distance alone does not adequately explain their short-term spatial distribution. This study characterized

multiple air pollutants surrounding the Tamangapa Landfill in Indonesia, compared concentrations between near and

outer zones, and examined their relationships with distance and meteorological conditions. Field observations were

conducted at nine locations situated 200–640 m from a central reference point. PM1.0, PM2.5, PM10, formaldehyde, total

volatile organic compounds (TVOC), CO, CO2, CH4, H2S, O2, and the lower explosive limit (LEL) were measured using

complementary portable sensors. Analytical methods included descriptive statistics, Mann–Whitney tests, Cliff’s delta,

Spearman correlations, and Benjamini–Hochberg corrections. Particulate concentrations exhibited substantial spatial

heterogeneity, with maximum PM1.0, PM2.5, and PM10 concentrations of 146, 242, and 272 µg/m
3, respectively. Mean
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concentrations in the near zone were approximately 3.6–3.7 times higher than those in the outer zone. TVOC showed a

strong negative correlation with distance (rₛ = −0.812; p = 0.0079), although this association did not remain statistically

significant after correction for multiple testing (q = 0.063). Pollutant distributions appeared to reflect interactions among

distance, plume orientation, meteorological conditions, measurement time, and local activities. This study introduces a

hybrid multi-sensor screening framework that integrates particulate, gaseous, spatial, and meteorological measurements for

tropical landfill environments, particularly in resource-limited settings where conventional monitoring networks remain

limited.

Keywords: Particulate Matter; Formaldehyde; Total Volatile Organic Compounds; Open Landfill; Portable Air-Quality

Sensor

1. Introduction

Global municipal solid waste generation continues to

increase, posing significant environmental and public health

challenges. This burden is particularly acute in developing

countries, where rapid population growth, urbanization, and

changing consumption patterns have intensified waste gener-

ation and overwhelmed existing waste-management systems.

However, the infrastructure required for waste treatment, in-

cluding suitable disposal facilities and specialized equipment,

has often failed to keep pace with these changes [1,2]. Accord-

ing to estimates in the Global Waste Management Outlook

2024, global municipal solid waste generation is projected to

increase from approximately 2.1 billion tonnes in 2023 to 3.8

billion tonnes in 2050. More concerningly, regions where

waste volumes are growing most rapidly still rely primar-

ily on primitive disposal methods, including open dumping

and uncontrolled incineration. If this trend continues, sur-

rounding air quality may deteriorate further, greenhouse gas

emissions may continue to increase, fragile ecosystems may

suffer irreversible damage, and public health expenditures

may rise [3]. This challenge is especially pronounced in trop-

ical urban settings, where consistently high temperatures,

elevated relative humidity, and intense solar radiation accel-

erate the anaerobic decomposition of organic waste, enhance

the volatilization of organic compounds, and modify atmo-

spheric mixing processes. These climate-driven changes ul-

timately affect both the emission strength of landfill sources

and the dispersion, transformation, and deposition patterns

of airborne pollutants in surrounding communities [4,5].

Landfills that rely on open disposal are complex emis-

sion sources because they receive mixtures of organic and

inorganic materials with diverse physical and chemical prop-

erties [6]. Anaerobic decomposition of organic matter pro-

duces landfill gases consisting mainly of methane and car-

bon dioxide, along with lower concentrations of hydrogen

sulfide, ammonia, carbon monoxide, and various volatile

organic compounds (VOCs). At the same time, waste un-

loading, compaction, transport-vehicle movement, surface

erosion, dust resuspension, and open combustion can re-

lease particulate matter into the atmosphere. The interac-

tion of these processes exposes the surrounding environment

to particulate mixtures, decomposition products, vehicle

emissions, incomplete-combustion products, and secondary

aerosols [7,8]. Open waste burning can also cause short-term

surges in particulate-matter concentrations in nearby resi-

dential areas [9]. Particulate-matter concentrations around

landfills are not determined solely by continuous landfill

emissions. Activities such as waste burning, waste disposal,

demolition operations, and repeated movements of opera-

tional vehicles are intermittent and do not occur continuously

every day or at the same locations. Even when such activities

occur only briefly, particulate-matter concentrations in the

surrounding air can increase sharply, producing pronounced

short-term peaks.

Fine particulate matter suspended in the air poses se-

rious risks to human health, as has been extensively docu-

mented. The location at which inhaled particles are deposited

in the human body is closely related to their aerodynamic

diameter. This parameter reflects not only particle size but

also particle density and movement characteristics in air [9].

PM10 has an aerodynamic diameter of no more than 10 µm,

enabling it to enter the respiratory tract and deposit in the

nasopharyngeal and tracheobronchial regions. PM2.5 has an

aerodynamic diameter of no more than 2.5 µm, allowing it to

penetrate more deeply into the respiratory tract and reach the
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alveolar region [9]. PM1.0 has an aerodynamic diameter of

no more than 1 µm and is therefore useful for characterizing

the finer fraction of airborne particulate matter. These very

small particles can remain suspended for extended periods

and penetrate deeply into the respiratory system [10].

Epidemiological studies have demonstrated that ex-

posure to airborne particulate matter is associated with sys-

temic inflammation, oxidative stress, reduced lung function,

cardiovascular disease, chronic obstructive pulmonary dis-

ease, lung cancer, and increased overall mortality risk [11–13].

Based on this body of evidence, the World Health Orga-

nization established 24-h guideline values for PM2.5 and

PM10 of 15 and 45 µg/m
3, respectively. These guideline

values are defined according to specific averaging periods;

therefore, single-moment or one-hour measurements cannot

formally determine whether a location complies with these

values.

In addition to particulate matter, landfills may release

a wide range of VOCs through material evaporation, bio-

logical degradation, chemical reactions, vehicle emissions,

and incomplete combustion. Real-time VOC measurements

at closed landfills further indicate that VOC composition

and flux can vary according to season, temperature, atmo-

spheric pressure, and landfill-management characteristics [14].

Formaldehyde (HCHO) is a volatile carbonyl compound of

concern because short-term exposure may cause eye and

respiratory irritation, whereas long-term exposure is associ-

ated with carcinogenic risk [13]. The WHO guideline value

for formaldehyde is 0.1 mg/m3 over a 30-min averaging

period. However, HCHO results obtained using portable sen-

sors must be interpreted cautiously because sensor responses

can be affected by detection limits, humidity, temperature,

calibration, and cross-sensitivity to other compounds [15]. In-

terpretation of total volatile organic compounds (TVOC) also

has limitations. TVOC represents the combined instrument

response to a mixture of VOCs but does not indicate the

identity, proportion, toxicity, or reactivity of individual com-

pounds [16,17]. Two sites with identical TVOC values may

have different chemical compositions and health risks. There-

fore, TVOC is more appropriately used as an initial screening

indicator of mixtures of organic emissions. Identification of

individual compounds requires sorbent-tube or specialized-

container sampling followed by gas chromatography–mass

spectrometry analysis [17].

The distribution of pollutants around landfills is not

determined solely by distance from the source. Wind direc-

tion determines the transport pathway of air masses, whereas

wind speed may either enhance dilution or transport pollu-

tant plumes from the source toward monitoring instruments.

Temperature can affect decomposition rates and the volatility

of organic compounds, while humidity can influence particle

hygroscopic growth and optical-sensor responses. Low-cost

optical sensors can be particularly sensitive to relative hu-

midity and may produce biased measurements under humid

conditions, potentially resulting in systematic overestimation

or underestimation of particulate concentrations. To address

this limitation, machine-learning-based classification and

regression models have been developed and validated as

potential approaches for correcting sensor bias during field

deployment.

Measurement time, atmospheric stability, local mor-

phology, buildings, vegetation, waste-unloading volume, ve-

hicle density, and combustion activity may also contribute to

variations among locations and measurement periods. Conse-

quently, locations close to a landfill do not necessarily exhibit

the highest pollutant concentrations if they are positioned

upwind, whereas more distant locations may exhibit higher

concentrations if they lie along a plume pathway. Portable

sensors offer advantages in terms of mobility, spatial res-

olution, operational simplicity, and the ability to identify

locations with relatively high pollutant concentrations. How-

ever, portable sensors vary in data quality and are not auto-

matically equivalent to reference methods. Responses from

light-scattering PM sensors can be affected by particle size,

shape, density, refractive index, composition, and water con-

tent. Therefore, collocation with reference instruments, cali-

bration documentation, functional checks, and data-quality

control are important components of sensor-based studies [18].

In addition tomachine-learning approaches, conventional sta-

tistical correction methods have been developed to improve

the accuracy of low-cost sensor networks. These methods

require collocated data from reference-grade instruments

and adjust raw sensor readings using regression-based or

bias-correction algorithms. Such approaches can reduce

systematic errors and improve the reliability of spatially dis-

tributed monitoring networks [19]. This context is particularly

relevant to the Tamangapa Final Disposal Site, the main mu-

nicipal solid-waste disposal facility in Makassar City, which
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borders residential areas and supports various community

activities. Previous studies have shown that the Tamangapa

Landfill is operating beyond capacity and continues to use

an open-disposal system, resulting in substantial interactions

among waste piles, landfill operations, and the surrounding

environment [20].

Many local studies have focused on waste pickers work-

ing at landfills and have examined methane production po-

tential, ammonia concentrations, hydrogen sulfide exposure,

and respiratory symptoms [21–23]. However, these studies

have several limitations. Most have analyzed only a single

type of gas or have focused primarily on health effects among

workers without integrating multiple environmental dimen-

sions. Specifically for the Tamangapa Landfill, observational

data combining multiple particulate-size fractions, HCHO,

TVOC, auxiliary monitoring gases, and local meteorological

conditions at multiple surrounding locations remain limited.

Furthermore, few studies have examined whether variation in

pollutant concentrations at different locations around tropical

open-air landfills can be explained adequately by geographic

distance alone.

This study had three primary objectives: first, to char-

acterize short-term variation in PM1.0, PM2.5, PM10, HCHO,

and TVOC at nine monitoring points around the Tamangapa

Landfill; second, to compare concentrations between near

and outer zones; and third, to explore correlations among

pollutant concentrations, distance from the landfill reference

point, and meteorological conditions. CO, CO2, CH4, H2S,

O2, and the lower explosive limit (LEL) were used as auxil-

iary parameters to support the analysis of the core pollutants.

The primary contribution of this study lies in its simultaneous

consideration of multiple pollutants and its demonstration

that short-term pollutant concentrations around landfills re-

flect the combined influence of multiple factors, including

pollution sources, atmospheric dispersion processes, char-

acteristics of the surrounding area, measurement time, and

local human activities, rather than geographic distance alone.

2. Materials and Methods

2.1. Research Design

This study used a field observational design combined

with spatial comparison methods. All observations were

conducted on-site, and data collected from different loca-

tions were subsequently compared. Between April and July

2026, measurements were conducted at nine sampling points

around the Tamangapa Landfill in Makassar City. Each sam-

pling point was monitored once, with no repeated measure-

ments, and each monitoring session lasted exactly 60 min.

All measurements were conducted between 08:20 and 18:20

Central Indonesian Time (WITA), covering morning, midday,

afternoon, and evening periods. This measurement window

was not intended to generate daily, seasonal, or annual aver-

ages but rather to identify short-term differences in pollutant

concentrations among sampling points and to describe spatial

variations within the limited measurement period.

Monitoring could not be conducted simultaneously at

all sampling points. Measurements were therefore performed

sequentially, making it impossible to record values from all

locations at exactly the same time. Consequently, the ob-

served differences reflected the combined effects of spatial

differences among sampling points, time lags resulting from

sequential measurements, meteorological conditions, land-

fill operational status, and local pollutant-emission sources.

These factors could not be fully separated, and this limitation

is discussed comprehensively in Section 5. Accordingly, this

study was not designed to establish a causal relationship be-

tween distance from the landfill and pollutant concentration,

nor does it support causal conclusions such as “the closer

a location is to the landfill, the higher the pollutant con-

centration.” The portable monitoring instruments and field

configuration are shown in Figure 1.

2.2. Location and Measurement Points

This study was conducted around the Tamangapa Land-

fill, a major municipal solid-waste disposal facility in Makas-

sar, South Sulawesi, Indonesia. The surrounding area in-

cludes mixed land uses, including residential areas, roads,

farmland, vegetation, and commercial activities. Measured

pollutant concentrations may therefore reflect both landfill

operations and other local sources, including traffic, waste-

collection vehicles, residential activities, biomass burning,

and resuspended dust, thereby limiting definitive source at-

tribution.

Spatial distances were calculated from Point 0, a fixed

reference point within the landfill boundary that was used

solely as a spatial anchor and not as a sampling location or

as the presumed origin of all landfill emissions. In addition
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to Point 0, nine sampling points were established in the sur-

rounding area, with distances from Point 0 ranging from 200

to 640 m. Their locations are shown in Figure 2. Two main

principles guided the selection of sampling points: coverage

of multiple geographic orientations around the landfill and

compliance with operational field requirements, including

accessibility, safety, land-use compatibility, and sufficient

space for equipment.

Figure 1. Portable monitoring instruments and field configuration used during air-quality measurements around the Tamangapa Landfill:

(a) BOSEAN BH-90-A portable gas detector, (b) Gaslux NP portable gas detector, and (c) professional weather station with portable

monitoring unit.

Figure 2. Location of the Tamangapa Landfill and distribution of nine air-quality measurement points.

The nine measurement locations were operationally

classified into near and outer zones according to their dis-

tance from Point 0. The near zone consisted of four locations

situated 200–375 m from the reference point: Points 1, 7, 8,

and 9. The outer zone consisted of five locations situated

415–640 m from the reference point: Points 2, 3, 4, 5, and

6. This separation was based on the observed distribution of

distances because no measurement locations were situated

between 375 and 415 m as seen in Table 1. This classifica-

tion was developed solely for exploratory spatial analysis. It
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was not intended to establish administrative boundaries, reg-

ulatory buffer zones, exposure boundaries, or health-based

setback distances. Classification within the near zone does

not necessarily indicate greater landfill-related exposure, nor

does classification within the outer zone indicate an absence

of landfill influence. Geographic distance was treated as

one potential explanatory variable rather than as the sole

determinant of pollutant concentration.

Table 1. Measurement point characteristics.

Point
Distance from Point 0

(m)
Operational Zone

Measurement Time

(WITA)

Wind Direction of

Origin
Wind Speed (km/h)

1 340 Near 17:20–18:20 Northwest 0.3

2 415 Outer 08:20–09:20 South 3.6

3 500 Outer 17:20–18:20 South 6.1

4 640 Outer 13:20–14:20 West 0.4

5 475 Outer 14:30–15:30 South 1.3

6 570 Outer 09:20–10:20 Southeast 2.5

7 270 Near 09:50–10:50 Southeast 8.6

8 200 Near 14:15–15:15 Southwest 5.5

9 375 Near 16:15–17:15 Southeast 3.6

Note: WITA refers to Central Indonesian Time (UTC + 8). Wind direction is defined as the direction from which the wind originates.

Land-use information for each point was obtained from

field records and on-site observations. However, variables

such as proximity to roads, vegetation cover, building density,

ongoing waste-treatment activities, and other local emission

sources were not recorded using a standardized classification

system. In addition, distances were calculated from Point 0

rather than from the landfill boundary or individual emission

zones. These site characteristics therefore served only as

contextual information and were not included as quantifi-

able explanatory variables in subsequent analyses. The core

analyzable data, including distance, measurement time, pol-

lutant concentrations, and meteorological conditions, were

extracted from the corresponding field records.

Wind direction was recorded according to its direction

of origin. For example, a southeast wind indicates that the

air mass moves from southeast to northwest. Points 1 and 4

recorded very low wind speeds of 0.3 and 0.4 km/h, respec-

tively. Under near-calm conditions, wind-direction measure-

ments may become unstable and may not reliably represent

the dominant pollutant-transport pathway. In contrast, Point

7 recorded a wind speed of 8.6 km/h, the highest observed

during the study. Higher wind speeds may enhance dilution;

however, if a monitoring point lies directly within a pollu-

tant plume, stronger winds may also transport pollutant-rich

air toward the monitoring equipment and result in elevated

measured concentrations.

Monitoring points were not formally classified as up-

wind, crosswind, or downwind. First, some coordinates

in the original field records require verification. Second,

monitoring was not conducted simultaneously; therefore,

wind direction and other meteorological conditions may have

changed among monitoring periods, altering the position of

each point relative to the pollutant plume. A point that was

downwind during one measurement period could have occu-

pied a different relative position several hours later. There-

fore, wind direction was used only as contextual information

to assist in interpreting pollutant transport and dispersion and

not as definitive evidence that measured pollutants originated

from the landfill.

Each monitoring point was measured once for 60 con-

secutive minutes. Measurement periods differed among lo-

cations, with some observations conducted in the morning

and others in the afternoon or evening. Differences in pollu-

tant concentrations among locations therefore cannot be at-

tributed to a single factor. Instead, they reflect the combined

effects of spatial location, sequential measurement times,

meteorological conditions, changes in landfill operations,

and potentially other local emission sources. Consequently,

this design allows only preliminary screening of short-term

spatial differences.

2.3. Parameters and Instruments

The main study parameters were PM1.0, PM2.5, PM10,

formaldehyde, and TVOC. Supporting parameters included

CO, CO2, CH4, H2S, O2, and LEL. Recorded micrometeoro-

logical conditions included air temperature, relative humid-

ity, wind direction, and wind speed. Pollutant measurements
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were conducted using the TC-700PRO Multiple Air Quality

Detector, BOSEAN BH-90-A Portable Single Gas Detec-

tor, and Gaslux NP Portable Gas Detector. Based on the

instrument output channels, PM1.0, PM2.5, and PM10 were

reported in µg/m3; HCHO and TVOC in mg/m3; CO, CO2,

and H2S in ppm; O2 as volume percent; and CH4 and LEL

according to the units displayed by the instruments. Particu-

late matter was measured using the laser-scattering principle.

Formaldehyde and TVOC data were collected using metal-

oxide semiconductor sensors, whereas CO2 was measured

using non-dispersive infrared detection.

Key parameters for each measurement channel, includ-

ing measurable range, minimum distinguishable change, low-

est detectable value, manufacturer-specified accuracy, re-

sponse time, and potential interferents, are documented in

the instrument specification sheets or additional materials.

On-site meteorological conditions were monitored us-

ing a professional weather station that continuously recorded

air temperature, relative humidity, wind direction, and wind

speed. All wind-direction measurements were calibrated rel-

ative to true north. The meteorological station was operated

in accordance with internationally accepted guidance cover-

ing sensor calibration, installation, measurement frequency,

and data-quality control. Adherence to these procedures was

intended to support the accuracy and comparability of the

recorded air temperature, relative humidity, wind direction,

and wind speed data used to interpret pollutant-dispersion

patterns around the landfill [24].

The portable sensors used in this study were treated as

preliminary screening-level monitoring instruments. They

were not intended to generate regulatory-grade data or to

serve as reference instruments approved by regulatory au-

thorities because supporting validation data from collocation

with standard reference methods were not available. U.S.

EPA guidance emphasizes that several key considerations

should be aligned with the intended data-quality level, includ-

ing intended data use, equipment specifications, calibration

status, collocation status, installation location, and quality-

control procedures throughout the monitoring process [25].

2.4. Measurement Procedure

Before each measurement, the instruments were

switched on and allowed to warm up for 30–60 min un-

til their responses stabilized. Initial checks included battery

status, zero or fresh-air zero checks, sensor functionality, and

instrument time synchronization. For portable gas detectors,

a functional check or bump test was performed according

to the manufacturer’s instructions, consistent with OSHA

recommendations for exposing instruments to known con-

centrations of standard gases to verify sensor response [26].

The instruments were positioned approximately 2–2.5 m

above ground level and away from physical barriers, waste

surfaces, vehicle exhaust, and artificial airflow. Continuous

measurements were conducted for 60 min at each location.

The concentration reported for each pollutant at each moni-

toring location represented the average of all valid readings

collected during the full 60-min monitoring period rather

than the final value displayed by the instrument. Before

calculating the averages, recorded data were checked and

missing, negative, and out-of-range readings were excluded.

During each measurement session, information on sampling

time, distance, wind direction, wind speed, air temperature,

relative humidity, and general site conditions was recorded.

However, traffic intensity, waste unloading, open burning,

dust resuspension, and other local emission activities were

not systematically quantified and were therefore considered

potential sources of uncertainty.

2.5. Quality Assurance and Control

Quality-control procedures included checks of mea-

surement units, measurement duration, point identity, value

ranges, and data transcription. Before analysis, sensor read-

ings were checked for negative values, missing data, and

unchanged readings. Two major transcription errors were

identified during the dataset audit: a CO2 value for Point 3

(5 ppm → 380 ppm) and a TVOC value for Point 6 (0.007

→ 0.0007 mg/m3). The audit trail recorded the pre- and

post-correction values, reasons for correction, correction

dates, and supporting source evidence. All analyses were

conducted using the corrected values.

The reporting resolution of the instruments did not

permit reliable differentiation between very low concentra-

tions and complete absence of CH4 and H2S. Therefore, zero

readings for these compounds were interpreted as “not de-

tected” rather than as evidence that the compounds were

absent from ambient air. The LEL reading was not inter-

preted as a methane concentration because LEL represents

an instrument response relative to the calibration gas and
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target properties of the flammable-gas sensor. Before each

measurement, instrument battery status and sensor perfor-

mance were checked, time synchronization was verified, and

stable readings were confirmed after a 30–60-min warm-

up period. Because no collocation with reference monitors

was conducted, all results were considered screening-level

measurements.

2.6. Data Analysis

Data analysis was conducted using R software version

4.6.1. For each parameter, mean, median, standard devia-

tion, minimum, maximum, range, and coefficient of variation

were calculated. The coefficient of variation was calculated

as:

CV = (SD/x̄) × 100

The descriptive comparison between near and outer

zones was expressed using the average ratio:

R = x̄_near/x̄_outer

PM2.5/PM10 and PM1.0/PM2.5 ratios were calculated at

each point to illustrate the relative contribution of finer partic-

ulate fractions. These size ratios were not used as definitive

source-identification indicators. Differences between zones

were evaluated using an exact two-sided Mann–Whitney

test, which uses an exact permutation distribution and does

not rely on large-sample asymptotic assumptions. Cliff’s

delta was used to quantify the magnitude and direction of

differences between zones and is suitable for small and non-

normally distributed samples. A positive value indicates that

concentrations tended to be higher in the near zone.

Relationships between distance and pollutant concen-

trations were evaluated using Spearman’s rank correlation.

Correlations between pollutant concentrations and wind

speed, temperature, and relative humidity were also exam-

ined as exploratory analyses. Because multiple correlations

were tested, p-values were adjusted using the Benjamini–

Hochberg procedure to control the false-discovery rate. A

leave-one-out sensitivity analysis was performed by remov-

ing each monitoring location in turn and recalculating the cor-

relation coefficients. Statistical significance was not treated

as the sole criterion for interpretation. The analysis consid-

ered effect sizes, concentration levels, confidence intervals,

data distributions, and overall patterns, as well as the direc-

tion and strength of correlations, spatial consistency, and

theoretical plausibility. Single 60-min measurements were

not used to assess regulatory compliance because the appli-

cable guideline values are based on longer averaging periods.

Comparisons with WHO guideline values were therefore

provided only for contextual purposes.

3. Results and Discussion

3.1. Meteorological Conditions

During the measurement period, air temperature ranged

from 29.0 to 33.6 °C, with a mean of 31.47 ± 1.99 °C. Rela-

tive humidity ranged from 50.93% to 65.50%, with a mean

of 58.34 ± 5.73%. Wind speeds ranged from 0.3 to 8.6

km/h, equivalent to approximately 0.08–2.39 m/s. The main

recorded wind directions were northwest, south, west, south-

east, and southwest.

The near zone had a mean air temperature of 31.68

°C, relative humidity of 58.39%, and wind speed of 4.50

km/h. The outer zone had a mean air temperature of 31.30

°C, relative humidity of 58.29%, and wind speed of 2.78

km/h. Mean temperature and relative humidity differed only

slightly between the two zones. However, wind direction,

wind speed, and measurement time varied among individ-

ual monitoring points. Thus, the observed differences in

pollutant concentrations cannot be explained solely by zone

classification.

Points 1 and 4 experienced near-calm conditions, with

wind speeds of 0.3 and 0.4 km/h, respectively. Under such

low wind speeds, wind direction may become unstable and

difficult for instruments to resolve reliably. Point 7 recorded

a wind speed of 8.6 km/h, the highest observed during the

study. At some locations, nearly stagnant air may have pro-

moted local pollutant accumulation, whereas stronger air

circulation at other locations may have enhanced dispersion.

Under weak-wind conditions, pollutants may accumulate

near their sources and disperse slowly. At higher wind speeds,

pollutants may either be diluted more rapidly or transported

preferentially toward a particular receptor, depending on

plume orientation and source activity.

The pollutant concentration measured at each moni-

toring location therefore reflected the environmental condi-

tions at that location and during that specific measurement

period. The measurements did not represent synchronous ob-

servations obtained under identical atmospheric conditions.
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More importantly, monitoring at all points was conducted

sequentially, with substantial differences in measurement

time among locations.

Consequently, concentration differences among loca-

tions cannot be interpreted simply as fixed spatial differences.

They also incorporate variability associated with temporal

and environmental changes among measurement periods.

Each measurement therefore reflected the combined influ-

ence of location, time of day, wind conditions, landfill op-

erational status, and human activities. Spatial location was

only one of several influencing factors. Accordingly, the

spatial patterns described in this study should be regarded as

exploratory short-term observations rather than evidence of

a stable pollutant-concentration gradient around the landfill.

3.2. Descriptive Statistics of Pollutants

The measurement results showed substantial spatial

heterogeneity, particularly for particulate matter and CO. Ta-

ble 2 summarizes the descriptive statistics for the principal

air-quality parameters.

Table 2. Descriptive statistics of air-quality parameters.

Parameter Mean ± SD Median Min–Max CV (%) Highest Point

PM1.0 (µg/m
3) 48.44 ± 50.55 20 9–146 104.35 Point 9

PM2.5 (µg/m
3) 74.22 ± 79.49 28 12–242 107.10 Point 9

PM10 (µg/m
3) 81.33 ± 88.15 31 14–272 108.38 Point 9

HCHO (µg/m3) 2.00 ± 1.00 2.00 1.00–4.00 50.00 Point 1

TVOC (µg/m3) 0.66 ± 0.25 0.60 0.30–1.10 38.22 Point 8

CO (ppm) 11.33 ± 15.44 5 0–43 136.19 Point 7

CO2 (ppm) 562.78 ± 83.48 565 380–699 14.83 Point 4

LEL (%LEL) 5.78 ± 2.22 5 3–11 38.49 Point 6

Note: CV = coefficient of variation.

The coefficient of variation represents the degree of

variability relative to the mean. PM1.0, PM2.5, and PM10 all

had CV values exceeding 100%, indicating substantial vari-

ability across measurement locations. This high variability

was largely influenced by a small number of locations with

significantly elevated concentrations. Among all measured

parameters, CO showed the greatest relative variability (CV

= 136.19%), whereas CO2 was comparatively stable (CV =

14.83%). The significant heterogeneity in pollutant concen-

trations across locations is consistent with the characteristics

of landfill-related and local emission sources, which may

be spatially dispersed, intermittently active, and subject to

nonuniform atmospheric transport. Waste transfer and treat-

ment activities, vehicle movements, road-dust resuspension,

local combustion, and movement of polluted air masses may

all contribute to short-term concentration peaks.

3.3. Variations in PM1.0, PM2.5, and PM10

The three measured particulate fractions exhibited sub-

stantial variation across the monitoring locations and did not

show a simple monotonic relationship with distance from

Point 0 (Figure 3). Point 9, located 375 m from Point 0,

recorded the highest concentrations of all three particulate

fractions: 146 µg/m3 for PM1.0, 242 µg/m
3 for PM2.5, and

272 µg/m3 for PM10. Point 7, located 270 m from Point 0,

recorded the second-highest particulate concentrations. In

contrast, Point 8, the closest monitoring location to Point 0

at a distance of 200 m, recorded the lowest particulate con-

centrations, with values of 9 µg/m3 for PM1.0, 12 µg/m
3 for

PM2.5, and 14 µg/m
3 for PM10. Point 6, located 570 m from

Point 0, also exhibited relatively low particulate concentra-

tions. These observations indicate that particulate-matter

concentrations did not decrease consistently with increasing

distance from Point 0.

The high particulate concentrations observed at Points

7 and 9 may have been related to plume position, waste-

management activities, vehicular traffic, dust resuspension,

or local combustion. However, because the intensities of

these activities were not quantitatively recorded, their indi-

vidual contributions could not be distinguished. The low

particulate concentrations at Point 8, despite its proximity to

Point 0, may have occurred because the location was outside

the plume pathway during measurement or because prevail-

ing wind conditions promoted pollutant dilution. Of the nine

60-min PM2.5 measurements, seven were numerically higher

than the WHO 24-h guideline value of 15 µg/m3. Similarly,

four of the nine PM10 measurements were numerically higher

than the corresponding 24-h guideline value of 45 µg/m3.

However, these comparisons cannot be interpreted as evi-
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dence of guideline exceedance. The measurements in this

study represent 60-min averages, whereas WHO guideline

values are based on 24-h averages. Because the averaging pe-

riods differ substantially, the measurements cannot be used

directly to determine regulatory or guideline compliance.

Nevertheless, the observed short-term elevations remain rel-

evant for screening purposes. Locations at which high short-

term particulate concentrations were observed may warrant

priority for follow-up monitoring using repeated or continu-

ous measurements.

Figure 3. Concentrations of PM1.0, PM2.5, and PM10 at nine measurement points.

3.4. Particulate-Fraction Ratios

PM2.5/PM10 ratios ranged from 0.815 to 0.968, with a

mean of 0.897. Thus, on average, approximately 89.7% of

the measured PM10 mass consisted of PM2.5, leaving approx-

imately 10% attributable to the coarse particulate fraction of

2.5–10 µm. PM1.0/PM2.5 ratios ranged from 0.587 to 0.768,

with a mean of 0.687 as represented in Table 3.

Table 3. Ratio of particulate fractions.

Point PM2.5/PM10 PM1.0/PM2.5

1 0.968 0.587

2 0.903 0.714

3 0.815 0.727

4 0.889 0.750

5 0.968 0.587

6 0.867 0.692

7 0.915 0.768

8 0.857 0.750

9 0.890 0.603

The predominance of PM2.5 within PM10 may be asso-

ciated with fine-particle emissions from combustion sources,

motor-vehicle exhaust, secondary aerosol formation, and

waste-treatment processes. However, particle-size ratios

alone cannot definitively identify emission sources or confirm

their locations. Reliable source identification would require

additional chemical characterization, including analysis of

organic carbon, elemental carbon, ions, metals, and organic

compounds. An additional limitation is that the optical in-

strument used the same underlying particle-size distribution

model and estimation algorithm to calculate the different par-

ticulate fractions rather than measuring each fraction indepen-

dently. Consequently, strong correlations among particle-size

fractions may reflect both genuine relationships in source

characteristics and atmospheric transport and artifacts arising

from the instrument’s shared estimation algorithm.

3.5. Comparison between Near and Outer

Zones

Mean PM1.0 concentration in the near zone was 81.25

µg/m3 compared with 22.20 µg/m3 in the outer zone, cor-
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responding to a near-to-outer ratio of approximately 3.66.

PM2.5 showed a similar pattern, with a mean concentration

of 124.25 µg/m3 in the near zone and 34.20 µg/m3 in the

outer zone, corresponding to a ratio of 3.63. For PM10, the

mean concentration was 136.50 µg/m3 in the near zone and

37.20 µg/m3 in the outer zone, corresponding to a ratio of

3.67. Mean concentrations of HCHO, TVOC, and CO were

also higher in the near zone than in the outer zone. Among

these parameters, TVOC showed the most pronounced and

consistent zonal difference, with mean values of 0.85 µg/m3

in the near zone and 0.50 µg/m3 in the outer zone as seen in

Table 4.

Table 4. Comparison between near and outer zones.

Parameter
Near Zone,

Mean ± SD

Outer Zone,

Mean ± SD

Near/Outer

Ratio

95% CI for

Ratio

Mann–

Whitney p
Cliff’s δ Effect Size

PM1.0 (µg/m
3) 81.25 ± 61.54 22.20 ± 18.25 3.66 0.82–16.3 0.286 0.50 Medium

PM2.5 (µg/m
3) 124.25 ± 96.99 34.20 ± 32.82 3.63 0.76–17.4 0.413 0.45 Medium

PM10 (µg/m
3) 136.50 ± 109.39 37.20 ± 32.96 3.67 0.74–18.2 0.413 0.45 Medium

HCHO (µg/m3) 2.50 ± 1.29 1.60 ± 0.55 1.56 0.68–3.58 0.413 0.45 Medium

TVOC (µg/m3) 0.85 ± 0.21 0.50 ± 0.16 1.70 1.02–2.83 0.063 0.85 Large

CO (ppm) 16.75 ± 18.39 7.00 ± 13.04 2.39 0.53–10.8 0.413 0.45 Medium

CO2 (ppm) 569.25 ± 27.02 557.60 ± 115.39 1.02 0.81–1.28 1.000 0.00 Negligible

LEL (%LEL) 5.75 ± 0.96 5.80 ± 3.03 0.99 0.53–1.85 0.556 0.30 Small

Although mean concentrations of most pollutants were

higher in the near zone, none of the differences reached

conventional statistical significance. This lack of statisti-

cal significance should be interpreted in the context of the

small and unbalanced groups, comprising four near-zone

and five outer-zone locations, as well as substantial within-

zone variability. In addition, the monitoring points were not

measured simultaneously, and meteorological and landfill-

operational conditions differed amongmeasurement sessions.

The concentration ratios and Cliff’s delta values should there-

fore be interpreted as preliminary indicators of spatial dif-

ferences rather than as estimates of the additional pollution

attributable specifically to the landfill.

Among the monitored pollutants, TVOC exhibited the

largest effect size (Cliff’s δ = 0.85). Nevertheless, this find-

ing requires confirmation through adequately replicated con-

secutivemeasurements, simultaneousmonitoring across loca-

tions, and the inclusion of appropriate upwind or background

controls. Mean PM1.0, PM2.5, and PM10 concentrations in

the near zone were approximately 3.6–3.7 times higher than

those in the outer zone as illustrated in Figure 4. However,

these differences were not statistically significant. Conse-

quently, the observed elevation in near-zone particulate con-

centrations should be interpreted as a preliminary spatial

pattern rather than as direct evidence that landfill-related

particulate pollution decreases with increasing distance. Sta-

tistical power was limited by the small number of monitoring

points and high within-zone variability.

Figure 4. Distribution of PM1.0, PM2.5, and PM10 in near and outer zones of the landfill.
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Near-zone mean concentrations were strongly influ-

enced by the high values recorded at Points 7 and 9 and

the low values recorded at Point 8. Therefore, individual

monitoring-point data should be considered alongside group

averages. Bar charts or summary statistics based solely on

mean values may obscure substantial variability among indi-

vidual locations.

3.6. Relationship between Distance and Pollu-

tant Concentration

Most pollutants showed nominally negative correla-

tions with distance. Before correction for multiple testing,

only TVOC had a p-value below 0.05 (rₛ = −0.812; p =

0.0079) as seen in Table 5. However, this association was

not statistically significant at the 5% level after Benjamini–

Hochberg correction (q = 0.063). Distance was measured

from a single reference point rather than from specific emis-

sion areas within the landfill, and measurements were con-

ducted at different times. Consequently, these correlations

may have been influenced not only by spatial differences but

also by sampling time, wind conditions, landfill operations,

and local emission sources. The results should therefore be

interpreted as exploratory spatial associations rather than

as causal distance–concentration relationships or definitive

evidence of landfill-source attribution.

In Figure 5, the general profile accords with a source–

transport–receptor scheme. Formally, concentration at a re-

ceptor point can bemodeled as a linear combination of source

strength, atmospheric transport pathways, and receptor lo-

cation. Exposure comprises several elements, with distance

being one; however, receptor concentration largely depends

on plume orientation, wind speed, atmospheric stability, sam-

pling time interval, operational activity in surrounding plants,

and local sources.

Table 5. Spearman correlations between distance and pollutant concentration.

Parameter Spearman’s rs p-Value Benjamini–Hochberg q-Value

PM1.0 −0.353 0.351 0.592

PM2.5 −0.293 0.444 0.592

PM10 −0.293 0.444 0.592

HCHO −0.426 0.253 0.592

TVOC −0.812 0.0079 0.063

CO −0.603 0.085 0.342

CO2 0.100 0.798 0.798

LEL −0.237 0.539 0.616

Figure 5. Scatter plots showing relationships between distance from the source-reference point and concentrations of PM2.5, PM10, and

TVOC. Labels indicate specific measurement locations.

3.7. Formaldehyde and TVOC

HCHO concentrations across the monitoring locations

ranged from 1.00 to 4.00 µg/m3. The highest concentration

was recorded at Point 1, located 340 m from Point 0. The

lowest reported values occurred at Points 3, 5, and 9. Over-

all, the measurements did not show a consistent pattern of

decreasing HCHO concentration with increasing distance

from Point 0. At Point 8, located 200 m from Point 0, the

measured HCHO concentration was 3.00 µg/m3. At Point

9, located 375 m from Point 0, the reported concentration

was lower. These observations further illustrate the absence

of a simple monotonic distance–concentration relationship.

All measured HCHO values were numerically below the

WHO 30-min guideline value of 0.1 mg/m3. However, these

measurements cannot be used to determine compliance with
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the guideline. First, the data in this study were calculated as

60-min averages rather than the 30-min averages specified

by the guideline. Second, the detection and analytical per-

formance of the portable sensors used in this study require

further validation. Therefore, the measurements alone can-

not establish that formaldehyde exposure in the study area is

within a safe range.

TVOC concentrations ranged from 0.30 to 1.10 µg/m3.

The highest value was recorded at Point 8 (200 m), followed

by 0.9 µg/m3 at Point 1 and 0.8 µg/m3 at Point 7. The low-

est value was recorded at Point 4 (640 m). This pattern is

broadly consistent with the observed negative correlation

between TVOC and distance. However, TVOC is an ag-

gregate measurement and cannot confirm the presence of

benzene, toluene, ethylbenzene, xylene, or any other spe-

cific compound. Landfill studies using compound-specific

analytical techniques have shown that VOC composition

may differ between operational areas and surrounding envi-

ronments and may vary with meteorological conditions and

landfill-management processes [21,27]. Accordingly, TVOC

should be interpreted as a screening indicator of mixtures of

organic emissions rather than as a means of identifying spe-

cific sources or estimating compound-specific health risks.

VOC speciation using sorbent-based sampling followed by

GC–MS analysis would be required to characterize chemical

composition and potential sources.

3.8. CO, CO  , CH4, H2S, O2, and LEL  2  

CO concentrations were highly heterogeneous across

the monitoring locations. Point 7 recorded the highest con-

centration at 43 ppm, followed by Point 2 at 30 ppm and

Points 8 and 9 at 12 ppm each. CO was not detected at Points

1, 4, 5, and 6. This pattern suggests that measured CO may

have been influenced by transient sources such as incomplete

combustion or vehicle emissions. The correlation between

CO concentration and wind speed was notable in the observa-

tional dataset (Spearman’s rₛ = 0.812; p ≈ 0.008). However,

this association should not be interpreted as evidence that

wind generated CO. Point 7 simultaneously recorded the

highest CO concentration and the highest wind speed and

therefore strongly influenced the observed correlation. Wind

may influence CO concentrations through two competing

processes: transport of CO-containing air masses toward the

detector, which can increase measured concentrations, and at-

mospheric dispersion, which can enhance dilution. Given the

limited sample of nine observations, the available statistical

analysis cannot distinguish between these processes.

CO2 concentrations ranged from 380 to 699 ppm, with

a mean of 562.78 ppm. Mean CO2 concentrations differed

only slightly between the near and outer zones, and no clear

spatial gradient was evident. Point 4 recorded the highest

CO2 concentration, whereas Point 3 recorded the lowest.

These observations suggest that ambient CO2 concentrations

may have been influenced by regional background condi-

tions, prevailing winds, anthropogenic activities, and vege-

tation, rather than by distance from the landfill alone. CH4

and H2S were not detected at any sampling location, while

O2 remained stable at 20.9% across all locations. The non-

detection of CH4 and H2S does not demonstrate that these

gases were not produced by the landfill. Emissions may have

been intermittent, may have occurred outside the sampling

periods, or may have followed transport pathways that did not

intersect the monitoring locations. Furthermore, the portable

gas detector was primarily designed for occupational-safety

applications, and its detection limit may have exceeded am-

bient concentrations in the field. Therefore, zero readings

should be interpreted in relation to the instrument’s detection

limits and resolution and should not be considered conclusive

evidence of the absence of these gases.

LEL readings ranged from 3% to 11% LEL, with the

highest value recorded at Point 6. LEL is not a direct mea-

surement of methane concentration; rather, it represents the

instrument’s response to combustible gases relative to the

lower explosive limit of the calibration gas. Thus, the in-

strument registered combustible-gas responses, but these

readings cannot be converted directly into the concentra-

tion of a specific gas. The simultaneous occurrence of zero

CH4 readings and LEL responses of 3–11% requires further

verification using the official instrument documentation, par-

ticularly with respect to channel configuration, calibration

gas, response factors, and output units. Unless the calibration

and response characteristics are fully documented, field LEL

readings should not be interpreted as definitive evidence of

atmospheric safety or regulatory compliance.

3.9. Synthesis and Scientific Contributions

The first major finding concerns the spatial variabil-

ity of airborne particulate matter. Particulate concentrations
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differed significantly among the monitoring locations, indi-

cating that pollutant distribution throughout the study area

was highly heterogeneous. Points 7 and 9 recorded the high-

est particulate concentrations among the nine locations.

Second, the mean concentrations of PM1.0, PM2.5, and

PM10 in the near zone were approximately 3.6–3.7 times

those in the outer zone. Although these differences were

substantial in magnitude, they did not reach conventional

levels of statistical significance. Consequently, the presence

of a true and persistent zonal difference cannot be confirmed

from the available dataset.

Third, TVOC showed the strongest negative association

with distance among the measured pollutants. Before adjust-

ment for multiple testing, TVOC concentrations decreased

with increasing distance from the reference point, with rₛ

= −0.812. However, after multiple-testing correction, the

association no longer met the conventional 5% significance

threshold. It should therefore be interpreted as an exploratory

pattern rather than as a confirmed distance-dependent rela-

tionship.

Fourth, the results challenge the assumption that pol-

lutant concentrations necessarily increase consistently with

decreasing distance from a landfill. The closest monitoring

location did not record the highest concentrations. Instead,

measured pollutant concentrations appeared to reflect the

combined influence of plume direction, atmospheric dilu-

tion, measurement timing, nearby operational activities, local

land-use conditions, and other local emission sources. The

landfill represents one potential source within a more com-

plex source–transport–receptor system.

The principal contribution of this study is not the estab-

lishment of an absolute causal relationship between landfill

emissions and pollutant exposure in surrounding commu-

nities. Rather, its primary value lies in providing baseline

data for multiple pollutants across nine distinct small-scale

microenvironments surrounding an open urban municipal-

waste landfill in a tropical setting. Such information can help

identify areas requiring additional monitoring, guide moni-

toring priorities, and identify parameters warranting more de-

tailed investigation. The findings also highlight a limitation

of purely distance-based assessments of air quality. With-

out information on plume behavior, background conditions,

and nearby emission sources, geographic distance alone may

serve as an inadequate proxy for exposure. Because no simul-

taneous measurements were conducted at verified upwind or

background locations, the landfill-specific contribution could

not be separated from background concentrations and other

local sources. The results should therefore be interpreted as

short-term pollutant patterns and potential hotspots rather

than as confirmed landfill-attributable hotspots. Portable

sensors are useful for baseline surveys and initial spatial

screening because of their mobility, relatively low cost, and

ease of deployment. However, their measurements can be

influenced by meteorological conditions, interference from

other pollutants, and sensor drift. Wider deployment there-

fore requires standardized procedures, regular quality-control

checks, and periodic comparison with reference-grade instru-

ments. Machine-learning and data-fusion approaches may

further improve measurement accuracy, provided that mod-

els are trained and validated using appropriate site-specific

data.

3.10. Potential Health Implications

Particulate matter is associated with adverse respiratory

and cardiovascular effects. PM10 can penetrate the respira-

tory tract, whereas PM2.5 can reach deeper regions of the

lungs and may enter the bloodstream. Previous studies have

associated exposure to particulate matter with respiratory

irritation, reduced lung function, exacerbation of asthma,

cardiovascular disease, and all-cause mortality. These ef-

fects may be of particular concern for children, older adults,

and individuals with pre-existing respiratory or cardiovas-

cular conditions [28]. Similar concerns regarding ambient air

quality and respiratory health among communities living

near landfill sites have been reported elsewhere [29]. The

Tamangapa Landfill is located close to residential areas. A

local household survey reported that approximately 76% of

residents had lived near the landfill for more than 10 years [22].

Long-term residence in the area may increase the potential

for repeated exposure to environmental pollutants originating

from multiple local sources.

Waste pickers working directly within the landfill may

experience particularly frequent contact with landfill-related

environmental hazards because of the amount of time they

spend within the operational area. In the 2021 census, this

group reportedly comprised approximately 150 households;

by 2025, 101 individuals remained. A recent health assess-

ment reported respiratory complaints among 76.7% of the
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waste pickers, including persistent coughing, chest tightness,

and wheezing [24].

These observations highlight the importance of con-

sidering cumulative and combined exposures rather than

evaluating pollutants exclusively in isolation. Communities

may be exposed to mixtures of particulate matter, HCHO,

TVOC, CO, and other pollutants over extended periods. Po-

tential effects of such co-exposures may not be fully captured

through single-pollutant assessments alone. In addition to

long-term exposure, short-term episodes of elevated pollu-

tant concentrations, such as those observed at Points 7 and 9,

may also warrant further investigation. The potential health

consequences of repeated background exposure combined

with episodic concentration peaks should therefore be evalu-

ated in future epidemiological studies.

However, direct comparisons among studies are limited

by differences in landfill characteristics, pollutant sources,

monitoring duration, and measurement methods. Further-

more, the measurements in the present study do not represent

individual-level exposure, exposure frequency, or duration

of residence or activity at each monitoring location. Conse-

quently, they cannot be used to determine long-term personal

exposure or directly estimate health effects among nearby

residents. The 60-min PM concentrations measured in this

study should not be directly compared with WHO guideline

values of 15 µg/m3 for the 24-h mean of PM2.5 and 45 µg/m
3

for the 24-h mean of PM10 for the purpose of determining

guideline exceedance or health risk. The averaging peri-

ods are not equivalent. Accordingly, WHO guideline values

are presented only to contextualize the observed concentra-

tions and not as short-term compliance limits. Future studies

should consider repeated or continuous 24-h monitoring to

support cumulative exposure assessment. Epidemiological

surveys, personal-exposure monitoring, and formal health-

impact assessments would also be required to investigate

potential effects among surrounding communities.

4. Management Implications

The findings indicate a need for a more comprehensive

monitoring system capable of capturing spatial, temporal,

and meteorological variability across the study area. Reliable

interpretation of air-quality patterns requires data collected

across multiple locations, time periods, and environmental

conditions. Future air-quality monitoring should therefore

include simultaneous observations at four key types of lo-

cations: a verified upwind background site, an active land-

fill operational area, the landfill boundary, and surrounding

residential areas. A confirmed upwind site can serve as a

background reference when it is demonstrably outside the

influence of the landfill plume during the monitoring period.

All monitoring activities should comply with applicable na-

tional environmental regulations [30].

This study proposes a three-stage management ap-

proach. The first stage comprises low-cost actions that can be

implemented immediately. These include prohibiting open

waste burning, strengthening road-dust control, imposing

vehicle-speed limits within the landfill, requiring freight ve-

hicles to cover their loads, periodically applying water to

internal roads during dry conditions to suppress dust, and

improving the stabilization or covering of exposed waste sur-

faces. These measures are intended to reduce uncontrolled

emissions of particulate matter and other pollutants. The

second stage involves medium-term improvements to the

monitoring program. Monitoring at Points 7 and 9 should

prioritize particulate matter because these locations recorded

the highest particulate concentrations during the present sur-

vey. Point 8 should receive particular attention for analysis of

TVOC-related spatial patterns because it recorded the high-

est TVOC concentration despite relatively low particulate

concentrations. Fixed monitoring stations should also be con-

sidered at verified upwind, landfill-boundary, and downwind

locations. Under the proposed monitoring scheme, key loca-

tions could be sampled weekly, while background-reference

monitoring could be conducted monthly. Additional seasonal

campaigns during both wet and dry seasons would provide a

more complete understanding of temporal variations in air

quality. The third stage involves longer-term infrastructure

improvements, including paving currently unpaved internal

roads, constructing more enclosed waste-unloading areas,

establishing a permanent long-term air-quality monitoring

network, and improving landfill-gas collection infrastructure.

Such measures should be implemented progressively, based

on monitoring evidence, operational feasibility, and available

funding.

If monitoring infrastructure is upgraded, Points 7 and 9

should be considered priority locations for enhanced particu-

late monitoring because they exhibited the highest short-term
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particulate concentrations in the present study. Point 8 also

warrants additional investigation because it is the closest

monitoring point to Point 0 and exhibited an unusual combi-

nation of very low particulate concentrations and the highest

observed TVOC concentration. Continued monitoring at

fixed locations could help distinguish the relative influences

of distance, geographic orientation, prevailing wind direc-

tion, and other local factors. However, this would require

sufficient repeated observations under a range of meteoro-

logical and operational conditions.

Portable air-quality sensors are well suited to prelimi-

nary field surveys and rapid identification of potential pol-

lution hotspots. They are lightweight, mobile, and capable

of producing measurements without extensive installation.

However, portable sensors alone cannot provide definitive

validation-grade data. Collocation with reference-grade in-

struments is necessary to assess their field accuracy and

long-term performance. PM measurements should be com-

pared with gravimetric reference methods, VOC measure-

ments with sorbent-tube sampling followed by GC–MS, and

formaldehyde measurements with standardized active or pas-

sive sampling methods. Calibration and analytical proce-

dures should follow established standards and be documented

thoroughly to ensure traceability.

Future monitoring should extend over longer periods

and include simultaneous measurements at verified back-

ground or upwind locations, landfill boundaries, and down-

wind residential areas under a range of meteorological and

operational conditions. Detailed chemical characterization

and formal source-apportionment analyses would further

help distinguish landfill emissions from other local sources.

Community-based reporting and sensor monitoring may

complement professional monitoring by identifying smoke,

odors, dust events, or suspected open-burning episodes.

However, community-generated data require appropriate

training, standardized procedures, and independent quality-

control checks and should not replace reference-grade envi-

ronmental monitoring.

5. Limitations

Several important limitations must be considered when

interpreting the findings of this study. First, monitoring

was conducted at only nine locations, with a single 60-min

measurement at each site. The resulting sample size was

therefore too small to support strong inferential conclusions.

Statistical results, including p-values, adjusted q-values, cor-

relation coefficients, and effect sizes, should be regarded as

exploratory indicators rather than definitive evidence. Fur-

thermore, measurements were not conducted simultaneously

across all locations but sequentially at different times of day.

Consequently, factors other than spatial location could not be

held constant throughout the monitoring period. Differences

among sites therefore reflect an inseparable combination of

spatial location, temporal variability, meteorological con-

ditions, landfill operational status, traffic, and other local

activities. The contribution of each individual factor cannot

be reliably disentangled from the present dataset.

Second, the study did not include simultaneous mea-

surements at verified upwind or background-reference lo-

cations. Therefore, the landfill-specific contribution to the

observed pollutant concentrations could not be quantified.

If background and landfill-area measurements had been col-

lected concurrently, background-adjusted concentration dif-

ferences could have been estimated. Without such control

measurements, the independent contribution of landfill emis-

sions to local air quality remains uncertain. Third, the spatial

distribution of monitoring points was uneven, and all dis-

tances were calculated from a single reference point rather

than from individual pollutant-emission areas or the landfill

boundary. Consequently, the measurements may not repre-

sent the spatial influence of specific emission zones within

the landfill. Fourth, several analytical components that

would be required for detailed source characterization were

not included. These include VOC-speciation analysis, chem-

ical characterization of particulate matter, particle-number

distributionmeasurements, and formal source-apportionment

analysis. Therefore, the measured TVOC concentrations and

particulate-fraction ratios cannot identify specific chemical

compounds, characterize the toxicity of complex pollutant

mixtures, or determine the precise source of measured pollu-

tion. Overall, the results should be interpreted as preliminary,

screening-level observations describing short-term pollutant

variability rather than as definitive evidence of long-term

pollutant distributions, source contributions, or population

exposure.
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6. Conclusion

Short-term air-quality measurements conducted at nine

locations around the Tamangapa Landfill demonstrated sub-

stantial variability in atmospheric pollutant concentrations

among sites. Among the measured parameters, PM1.0, PM2.5,

PM10, and CO showed the greatest spatial variability. The

highest particulate concentrations were recorded at Point 9,

located 375 m from the reference point. In contrast, Point

8, the closest monitoring point to Point 0 at a distance of

200 m, recorded unexpectedly low particulate concentra-

tions. These observations indicate that short-term pollutant

concentrations were not determined solely by distance from

the reference point. When the monitoring locations were

classified into near and outer zones, mean PM1.0, PM2.5, and

PM10 concentrations in the near zone were approximately

3.6–3.7 times higher than those in the outer zone. Mean

HCHO, TVOC, and CO concentrations were also higher

in the near zone. However, none of the zonal differences

reached conventional statistical significance. Effect-size

analysis indicated moderate differences for several parame-

ters, whereas TVOC exhibited the largest effect size. TVOC

showed a strong negative correlation with distance from the

reference point (rₛ = −0.812). However, after correction for

multiple testing, the association did not remain statistically

significant at the 5% level. This relationship should there-

fore be considered exploratory rather than conclusive. The

spatial distribution of pollutants is better interpreted within a

source–transport–receptor framework than through distance

alone. Plume direction, wind speed, measurement time, land-

fill operational activities, and other local emission sources

should be considered when interpreting pollutant concen-

trations and transport patterns. The findings of this study

represent preliminary screening-level observations obtained

using portable sensors and are subject to important limita-

tions. They should not be interpreted as regulatory-grade

evidence, as estimates of long-term population exposure, or

as definitive source-apportionment results. Future studies

should conduct simultaneous and repeated sampling at veri-

fied upwind background locations, landfill boundaries, and

downwind receptor locations; collect measurements across

different times of day and seasons; characterize direct emis-

sions from the landfill and nearby sources; and collocate

portable sensors with calibrated reference instruments to

evaluate sensor performance. More detailed characterization

of TVOC constituents and the chemical composition of par-

ticulate matter will also be necessary to improve source iden-

tification and support health-risk assessment. Continuous

multi-location monitoring under a variety of meteorological

conditions, along with repeated sampling at individual sites,

would help separate spatial and temporal effects, generate

more representative time-weighted concentrations, and pro-

vide a more reliable characterization of ambient air-quality

conditions.
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